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ABSTRACT
A STUDY OF THE MICROORGANISMS INHABITING ROTATING 
BIOLOGICAL CONTACTOR- BIOFILMS DURING VARIOUS 
OPERATING CONDITIONS
by
Nancy E. K in n e r  
U n i v e r s i t y  o f  New H am psh i re ,  May 1983
The m i c r o b i a l  e c o l o g y  o f  r o t a t i n g  b i o l o g i c a l  c o n t a c t o r s  (RBC) 
i s  a c o m b in a t i o n  o f  complex i n t e r r e l a t i o n s h i p s  among b a c t e r i a ,  p r o t o z o a ,  
and me tazoa  and t h e i r  p e r c e i v e d  e n v i r o n m e n t .  S i n c e  v e ry  l i t t l e  i n f o r m a ­
t i o n  i s  a v a i l a b l e  on t h e  m i c r o o r g a n i s m s  i n h a b i t i n g  t h e  b i o f i l m s ,  t h e  
m a jo r  o b j e c t i v e  o f  t h i s  r e s e a r c h  was t o  i n c r e a s e  t h e  u n d e r s t a n d i n g  o f  
t h e  b i o l o g i c a l  i n t e r a c t i o n s  o c c u r r i n g  i n  RBC b i o f i l m s  as  a f u n c t i o n  o f  
o r g a n i c  l o a d i n g .  B i o f i l m s ,  i n  p i l o t - s c a l e  RBCs r e c e i v i n g  2 . 0 ,  4 . 0 ,  
and 6 . 0  g TOC/m *d o f  s e t t l e d  d o m e s t i c  sewage ,  were  examined u s i n g  
l i g h t  and e l e c t r o n  m i c r o s c o p y .  The m i c r o b i a l  community ,  composed o f  
f i l a m e n t o u s  and u n i c e l l u l a r  b a c t e r i a ,  z o o f l a g e l l a t e s , amoebae,  c i l i ­
a t e s ,  nem atodes ,  and r o t i f e r s  i s  complex  and depends  on t h e  o r g a n i c  
l o a d i n g  r a t e .  F i l a m e n t s  f o u n d  i n  i n i t i a l  b i o f i l m  s t u d i e s  were  i d e n t i ­
ca l  a s  S p h a e r o t i l u s  in  b o t h  m o r p h o l o g i c a l  and u l t r a s t r u c t u r a l  c h a r a c ­
t e r i s t i c s .  At h ig h  l o a d i n g  r a t e s  G r a m - p o s i t i v e  and G r a m - n e g a t iv e  
b a c t e r i a  a p p e a r  t o  s t o r e  s u l f u r  and  p o l y - p - h y d r o x y b u t y r a t e .  As l o a d ­
in g  r a t e s  d e c r e a s e  G r a m - n e g a t i v e  b a c t e r i a ,  w i t h  f ew er  i n c l u s i o n  b o d i e s ,  
p r e d o m i n a t e .  At v e r y  low l o a d i n g  r a t e s  t h e  b i o f i l m  c o n s t i t u e n t s  a r e  
a l m o s t  e x c l u s i v e l y  p r o s t h e c a t e - 1 i k e  and n i t r i f y i n g - l i k e  b a c t e r i a .  A 
t h e o r e t i c a l  b i o g e o c h e m i c a l  p r o f i l e  o f  RBC b i o f i l m s  exposed  t o  d i f ­
1
2f e r e n t  l o a d i n g  r a t e s  has  been  d e v e l o p e d  b a s e d  upon t h e  a v a i l a b i l i t y  o f  
o r g a n i c  c a rb o n  and oxygen.  P r o to z o a n  and m e tazoa n  s u c c e s s i o n  p r o g r e s ­
s e s  from z o o f l a g e l l a t e s  and sm a l l  amoebae t o  f r e e - s w im m in g  b a c t e r i o v o r -  
ous c i l i a t e s ,  and t h e n  t o  p e r i t r i c h s , . r o t i f e r s ,  and c a r n i v o r o u s  c i l i a t e s  
and g i a n t  amoebae (>40 pm).  T h i s  s u c c e s s i o n  i s  p r i m a r i l y  a f u n c t i o n  
o f  t h e  f e e d i n g  e f f i c i e n c i e s  o f  t h e  o rg a n i s m s  and p r e d a t o r - p r e y  r e l a t i o n s .  
The p i l o t - s c a l e  s t u d i e s  i n d i c a t e d  t h a t  p r o t o z o a  and m e tazoa  m igh t  be 
s u i t a b l e  i n d i c a t o r s  o f  e f f l u e n t  q u a l i t y .  To v e r i f y  t h e  p i l o t - s c a l e  
r e s u l t s  t h e  b i o f i l m s  o f  f i v e  f u l l - s c a l e  RBCs were  examined.  A s im p le  
and r a p i d l y  e x e c u t e d  s t r a t e g y  has  been  d e v e l o p e d ,  b a s e d  on t h e  o n - l i n e  
RBC d a t a ,  which p r e d i c t s  e f f l u e n t  BOO^ a s  a f u n c t i o n  o f  t h e  numbers o f  
Uronema, E p i s t y l i s , g i a n t  amoebae and r o t i f e r s  o b s e r v e d .
INTRODUCTION
When t h e  F e d e r a l  W ate r  P o l l u t i o n  C o n t r o l  Act. amendments ( 1972)  
became law,  b o th  p o l i t i c a l  and p u b l i c  s e n t i m e n t  s u p p o r t e d  s e c o n d a r y  
t r e a t m e n t  a s  t h e  minimum n e c e s s a r y  f o r  w a s t e w a t e r .  U n f o r t u n a t e l y ,  as  
in  many c a s e s ,  t r e a t m e n t  t e c h n o l o g y  l a g g e d  b e h i n d  p u b l i c  demands. 
S eco n d a ry  t r e a t m e n t  was u s u a l l y  e f f e c t e d  by u s i n g  a e r o b i c  p r o c e s s e s  
such  a s  a c t i v a t e d  s l u d g e ,  t r i c k l i n g  f i l t e r s ,  o x i d a t i o n  ponds  o r  t h e  
r e l a t i v e l y  new r o t a t i n g  b i o l o g i c a l  c o n t a c t o r  (RBC) p r o c e s s e s .  As 
c o n s t r u c t i o n ,  o p e r a t i o n  and m a i n t e n a n c e ,  and e n e rg y  c o s t s  became 
g r e a t e r  c o n c e r n s ,  RBCs became i n c r e a s i n g l y  p o p u l a r .  They o f f e r e d  a 
c o s t  e f f e c t i v e  means o f  a c c o m p l i s h i n g  s e c o n d a r y  t r e a t m e n t  b e c a u s e  o f  
c o m p a r a t i v e l y  low o p e r a t i o n  c o s t s ,  m a in t e n a n c e  and e n e r g y  r e q u i r e ­
m e n t s ,  h ig h  o r g a n i c  removal  e f f i c i e n c e s  a t  s h o r t  r e t e n t i o n  t i m e s ,  
m odu la r  f l e x i b i l i t y  i n  d e s i g n ,  and a d a p t a b i l i t y  t o  a wide r a n g e  o f  
w a s t e w a t e r  t y p e s  and f lo w s .
The r o t a t i n g  b i o l o g i c a l  c o n t a c t o r  c o n s i s t s  o f  c i r c u l a r  p l a s t i c  
d i s k s  mounted c e n t r a l l y  on s e v e r a l  h o r i z o n t a l  s h a f t s  ( F i g u r e  1 ) .
These  s h a f t s  a r e  40 p e r c e n t  submerged in  a t a n k  c o n t a i n i n g  w a s t e w a t e r  
and a r e  r o t a t e d  by e i t h e r  a m e c h a n ic a l  o r  a com pressed  a i r  d r i v e .  To 
i n c r e a s e  t h e  e f f i c i e n c y  o f  t h e  t r e a t m e n t  p r o c e s s ,  t h e  t a n k  i s  u s u a l l y  
d i v i d e d  i n t o  s e v e r a l  c o m p a r tm e n t s ,  each  c o n t a i n i n g  one o r  two s h a f t s  
o f  p l a s t i c  d i s k  media .  The w a s t e w a t e r  b e i n g  t r e a t e d  f low s  t h r o u g h  t h e  
c o n t a c t o r  by s im p l e  d i s p l a c e m e n t  and g r a v i t y .  M ic ro o rg an i sm s  from t h e  
w a s t e w a t e r  a d h e r e  i n i t i a l l y  t o  t h e  p l a s t i c  d i s k  s u r f a c e  a n d ,  w i t h i n
e f f lu en t  to 
secon dary  
c larif ier
4 , h  x wstage ^ ra
2nd
stage 1st





F ig u r e  1. R o t a t i n g  B i o l o g i c a l  C o n t a c t o r  S chem at ic
51-4  w eeks ,  form a  b i o f i l m  r a n g i n g  from 1-2  mm i n  t h i c k n e s s .  The f i l m  
s l o u g h s  o f f  t h e  d i s k s  a f t e r  r e a c h i n g  a c r i t i c a l  t h i c k n e s s .  T h i s  
t h i c k n e s s  i s  d e t e r m i n e d  by f a c t o r s  which  a r e  n o t  y e t  c o m p l e t e l y  u n d e r ­
s t o o d .  I t  a p p e a r s ,  however ,  t o  be a f u n c t i o n  o f  a n a e r o b i o s i s  w i t h i n  
t h e  f i l m  a n d / o r  h y d r a u l i c  s h e a r  e f f e c t s  (Hoehn and Ray,  1973;  A n t o n i e ,
1976) .
S i n c e  t h e  s l o u g h i n g  o c c u r s  ran d o m ly ,  t h e  b i o f i l m  t h i c k n e s s  
o v e r  a d i s k  s u r f a c e  a t  any t i m e  i s  n o n u n i fo rm .  S loughed  b i o f i l m  and 
o t h e r  s u s p e n d e d  s o l i d s  a r e  washed o u t  o f  t h e  c o n t a c t o r  as  t h e  w a s t e ­
w a t e r  f lo w s  t h r o u g h  t h e  u n i t .  They a r e  l a t e r  removed from t h e  e f f l u e n t  
d u r i n g  s e c o n d a r y  c l a r i f i c a t i o n .
The c o n c e p t  o f  r o t a t i n g  b i o l o g i c a l  c o n t a c t o r s  d e v e l o p e d  e a r l y  
i n  t h e  h i s t o r y  o f  w a s t e w a t e r  t r e a t m e n t  s y s t e m s  ( P e t e r s  and A l lem an ,  
1982).
The i n t e r m i t t e n t  f i l t r a t i o n  s y s t e m  d e s i g n e d  a t  t h e  Lawrence 
E x p e r i m e n t a l  S t a t i o n  in  1890 showed t h a t  m i c r o b i a l  a c t i v i t y  e f f e c t e d  
t r e a t m e n t  a n d ,  a s  a r e s u l t ,  i n t e r e s t  mounted i n  f i x e d  f i l m  p r o c e s s e s .  
Two t e c h n o l o g i e s  s i m i l a r  i n  c o n c e p t  t o  t o d a y ' s  RBCs a r o s e  from t h i s  
i n t e r e s t .  In 1900,  Wiegand (1 9 0 0 )  p a t e n t e d  a moving c y l i n d e r  w i t h  
wooden s l a t s .  S i x t e e n  y e a r s  l a t e r ,  P o u j o u l a t  ( 1916 )  d e v e l o p e d  a 
h o l lo w  c y l i n d e r  ( c o n s t r u c t e d  from a g g l o m e r a t e d  s l a g  o r  p o r o u s  b r i c k )  
which  r o t a t e d  a b o u t  i t s  h o r i z o n t a l  a x i s .  W a s te w a te r  was d i s t r i b u t e d  
o v e r  t h e  r o t a r y  b r i c k  from a p e r f o r a t e d  p i p e  l o c a t e d  above  i t .  By 
1929.  Doman (1929 )  had d e s i g n e d  a s t r i k i n g l y  s i m i l a r  p r e c u r s o r  t o  t h e  
c u r r e n t  RBC made from p a r t i a l l y  submerged  g a l v a n i z e d  s t e e l  p l a t e s
6which  r o t a t e d  t h r o u g h  t h e  w a s t e w a t e r .  M a l t l y  ( A l l e n ,  1929) a l s o  
d e v e l o p e d  an RBC-1i k e  s y s t e m  which  c o n s i s t e d  o f  p a d d l e  w h e e l s  p a r ­
t i a l l y  submerged in  and r o t a t e d  by f l o w i n g  sewage.
With t h e  a d v e n t  o f  p l a s t i c  s u p p o r t  m e d ia ,  f i x e d  f i l m  sy s tem s
r e c e i v e d  i n c r e a s e d  a t t e n t i o n .  P l a s t i c  had s e v e r a l  a d v a n t a g e s  o v e r  
s t e e l  and wood b e c a u s e  i t  p o s s e s s e d  more s u r f a c e  c o n t a c t  a r e a  and 
v o i d s ,  and a g r e a t e r  p a c k i n g  d e n s i t y  and f l e x i b i l i t y .  I n t e r e s t  in  
a d a p t i n g  p l a s t i c  media  t o  Doman1s r o t a t i n g  p l a t e s  s t a r t e d  a t  t h e  
U n i v e r s i t y  o f  S t u t t g a r t ,  (W es t  Germany).  Popel  ( 1 9 6 4 )  and H a r tm a n n ' s  
(1960)  work w i t h  expanded  p o l y s t y r e n e  l e d  t o  commercia l  v e n t u r e s .  In 
1957,  2 and 3 m e t e r  d i a m e t e r  p l a s t i c  d i s k s  were  f i r s t  m a n u f a c t u r e d  by 
t h e  J .  Conrad  S t e n g e l  i n  Company ( T u t t l i n g e n ,  West Germany) .  S u b s e q u e n t ­
l y ,  RBCs became p o p u l a r  in  Eu rope ;  however ,  o n ly  sm a l l  f lo w s  were
t r e a t e d  ( B a rn e s  and  W i l s o n ,  1976) .
C o n c u r r e n t l y ,  r e s e a r c h  a t  A l l i s - C h a l m e r s  (M ilw aukee ,  Wiscon­
s i n )  r e s u l t e d  i n  t h e  d e v e l o p m e n t  o f  a tw o - p h a s e  RBC t o  be used  in  
c e r t a i n  i n d u s t r i a l  p r o c e s s e s .  By 1965 an e x p e r i m e n t a l  s e t - u p  a t  t h e  
J o n e s  I s l a n d  t r e a t m e n t  p l a n t  (M i lw aukee ,  W i s c o n s i n )  was t e s t e d  u s i n g  
3 - f o o t  d i a m e t e r  me ta l  d i s k s .  F u r t h e r  t e s t s  w i t h  aluminum d i s k s  i n d i ­
c a t e d  t h a t  RBCs had p o t e n t i a l  f o r  e f f e c t i n g  e x c e l l e n t  t r e a t m e n t  
( A n t o n i e ,  1976) .  An a g r e e m e n t  was c o n c l u d e d  be tween  t h e  S t e n g e l  i n  and 
A l l i s  Cha lmers  co m p a n ie s ;  RBCs were  s u b s e q u e n t l y  m a rk e t e d  i n  t h e  U.S. 
in  1968.  A f t e r  1972 p r o d u c t i o n  o f  RBCs e s c a l a t e d  b e c a u s e  c o r r u g a t e d  
s h e e t s  o f  p o l y e t h y l e n e  d i s k  media  were  d e v e l o p e d  (S m i th  and Bandy,
1980) .  These  p o l y e t h y l e n e  s h e e t s  were  t h i n  ( 1 . 6  mm) and s e p a r a t e d  by 
a 3 0 .5  mm s p a c e .  S i n c e  t h a t  t i m e  s e v e r a l  m a n u f a c t u r e r s  have begun
7p r o d u c i n g  RBC u n i t s  c a p a b l e  o f  t r e a t i n g  b o th  i n d u s t r i a l  and m u n i c ip a l  
w a s t e s  w i t h  f low s  o f  s e v e r a l  hu n d red  t o  100 m i l l i o n  g a l l o n s  p e r  day.
In  t h e o r y ,  t h e  RBC combines  t h e  c h a r a c t e r i s t i c s  o f  t h e  two 
c l a s s i c a l  methods  o f  w a s t e w a t e r  t r e a t m e n t :  a c t i v a t e d  s l u d g e  and
t r i c k l i n g  f i l t e r s .  The b i o f i l m  g row ing  on t h e  d i s k s  c o r r e s p o n d s  t o  
t h e  t r i c k l i n g  f i l t e r  s l i m e ,  w h i l e  t h e  s l o u g h e d  and s u sp e n d e d  s o l i d s  in  
t h e  l i q u i d  p h a s e  c o r r e s p o n d  t o  a c t i v a t e d  s l u d g e  f l o e s .  The RBC, 
however ,  adds  a new d im e n s io n  t o  t h o s e  t r a d i t i o n a l  d e s i g n s  b e c a u s e  i t  
ex p o s e s  t h e  b i o f i l m  t o  b o t h  w a s t e w a t e r  and a i r  d u r i n g  r o t a t i o n .  
C o n s e q u e n t l y ,  u n d e r  p r o p e r  o p e r a t i n g  c o n d i t i o n s ,  g r e a t e r  t h a t  90 
p e r c e n t  o f  t h e  c a r b o n a c e o u s  b i o c h e m ic a l  oxygen demand o f  an i n f l u e n t  
m u n ic ip a l  w a s t e w a t e r  may be e f f e c t i v e l y  removed from t h e  w a s t e  s t r e a m  
( A n t o n i e ,  1976) .
The RBC p r o c e s s  i s  d e p e n d e n t  upon t h e  a c t i v i t y  o f  t h e  m i c r o b i a l  
community which  grows w i t h i n  t h e  c o n f i n e s  o f  t h e  r e a c t o r .  The m a j o r i t y  
o f  t h e  o r g a n i c s  removed from t h e  w a s t e w a t e r  a r e  used  by RBC m i c r o ­
o rg an is m s  as  a c a rb o n  s o u r c e  f o r  r e s p i r a t i o n ,  s u b s e q u e n t  e n e r g y  g e n e r a ­
t i o n ,  and b io m ass  p r o d u c t i o n .  Most r e s e a r c h e r s  f a v o r  t h e  t h e o r y  t h a t  
t h e  b i o f i l m  in  t h e  RBC i s  composed o f  an a c t i v e  and an i n a c t i v e  l a y e r  
o r  an e x t e r i o r  a e r o b i c  and an i n t e r i o r  a n a e r o b i c  l a y e r  (Hoehn and Ray, 
1973; Kornegay ,  1975) .  O rg a n ic  r e m o v a l / t r a n s f o r m a t i o n  i s  p resum ed  t o  
o c c u r  as  a r e s u l t  o f  a e r o b i c  m i c r o b i a l  m e ta b o l i s m  (Hudson e t  a l . ,
1976; Hoehn and Ray, 1973;  A n t o n i e ,  1976; Kornegay and Andrews,  1968;  
Torpey  e t  a l . ,  1971; P r e t o r i  u s ,  1971) .
8Scope o f  t h e  Problem
A l though  t h e  h i s t o r i c a l  r e c o r d  o f  RBC t e c h n o l o g y  s p a n s  more 
t h a n  80 y e a r s ,  o n ly  i n  t h e  p a s t  deca de  has c o n c e n t r a t e d  r e s e a r c h  been 
c o n d u c t e d  t o  a n a l y z e  t h e  p r o c e s s .  As a r e s u l t ,  a g r e a t  amount o f  
c o n t r o v e r s y  e x i s t s  r e g a r d i n g  d e s i g n  t e c h n i q u e s  f o r  RBCs. To d a t e  t h e
d e s i g n  o f  most  RBC f a c i l i t i e s  has  been  b a s e d  on h y d r a u l i c  l o a d i n g  r a t e
3 2(m w a s t e w a t e r  a p p l i e d / m  d i s k  s u r f a c e  a r e a / d a y )  ( B a rn e s  and W i l s o n ,
1976; A n t o n i e ,  1976; A n to n ie  and Welch,  1969;  A n t o n i e ,  e t  a l . ,  1974)
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o r  o r g a n i c  l o a d i n g  r a t e  (g  o r g a n i c  m a t t e r  a p p l i e d / m  s u r f a c e  a r e a / d a y )  
( S t o v e r  and K incannon ,  1976;  Poon e t  a l . ,  1979) .  Models  d e s i g n e d  t o  
p r e d i c t  t h e  k i n e t i c s  o f  s u b s t r a t e  removal  i n  RBCs have been b a s e d  
p r i m a r i l y  on mass t r a n s f e r  r e s i s t a n c e s  ( W i l l i a m s o n  and McCar ty ,  1976;  
Famularo  e t  a l .  1978;  H a n s fo rd  e t  a l . ,  1978; P a o l i n i  e t  a l . ,  1979) .  
These models  can  g e n e r a l l y  be c l a s s i f i e d  a c c o r d i n g  t o  t h e  s u b s t a n c e  
presumed t o  be l i m i t i n g  t h e  r a t e  o f  o r g a n i c  r em ova l :  e i t h e r  o r g a n i c
s u b s t r a t e ,  oxygen ,  o r  a c o m b i n a t i o n  o f  b o th  o f  t h e s e  f a c t o r s .
As w i t h  many new t e c h n o l o g i e s ,  a number o f  t h e  p ro b lem s  a s s o ­
c i a t e d  w i t h  RBCs d i d  n o t  becom'e e v i d e n t  u n t i l  f u l l - s c a l e  f a c i l i t i e s  
were  o p e r a t i o n a l .  Whi le  p ro b lem s  r e g a r d i n g  d e s i g n  c r i t e r i a ,  d i s k  
c o n f i g u r a t i o n ,  s u r f a c e  t o  volume r a t i o ,  r o t a t i o n a l  s p e e d s ,  s c a l e - u p  
p r o c e d u r e s ,  r e c i r c u l a t i o n ,  and m odu la r  d e s i g n  were  b e i n g  a d d r e s s e d  by 
v a r i o u s  r e s e a r c h e r s  (F r iedm an  e t  a l . ,  1976; S t e i n e r ,  1980;  S t e i n e r ,  
1979; Olem and Unz, 1980; Fr iedman e t  a l . ,  1979;  C h e s n e r  and Molof ,  
1977; Poon e t  a l . ,  1979;  J o o s t ,  1 9 6 9 ) ,  o p e r a t i o n a l  f a i l u r e s  began  t o  
demand a t t e n t i o n .  D ur ing  t h e  workshop s e s s i o n  a t  t h e  F i r s t  N a t i o n a l  
Symposium on R o t a t i n g  B i o l o g i c a l  C o n t a c t o r  Techno logy  (S m i th  e t  a l . ,
91 980) ,  RBC o p e r a t o r s  and owners v o i c e d  s h a r p  c r i t i c i s m s  o f  m anufac­
t u r e r s  and d e s i g n  e n g i n e e r s .  They co m p la in e d  o f  f a i l u r e s  a s s o c i a t e d  
w i t h  s h a f t s ,  b e a r i n g s ,  r a d i a l  a rm s ,  and media .  In a d d i t i o n ,  p l a n t s  
a p p e a r e d  t o  be e i t h e r  e x t r e m e l y  u n d e r l o a d e d  o r  e x t r e m e l y  o v e r l o a d e d .  
O p e r a t o r s  a l s o  co m p la in e d  a b o u t  t h e  l a c k  o f  f l e x i b i l i t y  b u i l t  i n t o  t h e  
p l a n t s  and a b o u t  t h e i r  i n a b i l i t y  t o  " t r o u b l e s h o o t "  t h e  p r o c e s s  ( K e s c h l , 
1982) .  In  a d d i t i o n ,  t h e  p rob lem  o f  m o n i t o r i n g  e f f l u e n t  q u a l i t y  and 
u n i t  p e r f o r m a n c e  w i t h  t h e  B iochem ica l  Oxygen Demand t e s t  (BOD^) was 
a d d r e s s e d  b e c a u s e  r e s u l t s  c o u l d  n o t  be i n c o r p o r a t e d  i n t o  t h e  p l a n t  
o p e r a t i o n  u n t i l  5 days  a f t e r  s a m p l in g  ( K e s c h l ,  1982).
Many o f  t h e s e  p ro b lem s  c o u l d  be d i r e c t l y  r e l a t e d  t o  t h e  m i c r o ­
b i a l  a c t i v i t i e s  o c c u r r i n g  in  t h e  RBC. As e x p r e s s e d  by C.P.  L e s l i e  
Grady,  J r . :
" I t  seems t o  me t h e r e  i s  a whole  h o s t  o f  t h i n g s  
which  we need t o  be l o o k i n g  a t  from a v e ry  f u n d a ­
menta l  s t a n d p o i n t .  Even tho u g h  I c a n ' t  t e l l  you how 
we a r e  g o in g  t o  u s e  t h e s e  t h i n g s ,  I have a b a s i c  
b e l i e f  t h a t  i f  we do n o t  lo o k  a t  t h e s e ,  we a r e  g o in g  
t o  be found  w a n t i n g  w i t h i n  t h e  sy s t e m  when p rob lem s  
c ro p  up. As f a r  a s  i n t e g r a t i n g  s y s t e m s  a r e  c o n c e r n e d ,  
I g u e s s  I have a lw ays  b e l i e v e d  t h a t  t h e r e  i s  a u n i t y  
t o  a l l  o f  t h e s e  s y s t e m s  t h a t  l i e s  w i t h i n  t h e  m i c r o ­
b i o l o g y  o f  t h e  s y s t e m s .  M i c r o b i o l o g i s t s  a r e  n o t  
i n t e r e s t e d  i n  t h e  t y p e s  o f  p ro b lem s  which we have t o  
dea l  w i t h .  As e n g i n e e r s ,  i t  i s  up t o  us t o  be do ing  
t h e  t y p e s  o f  m i c r o b i o l o g y  work t h a t  i s  g o in g  t o  l e a d  
us t o  b e t t e r  a n s w e r s . "  (Wu e t  a l . ,  1982)
RBCs have t r a d i t i o n a l l y  been  d e s i g n e d  u s i n g  a " b l a c k  box" 
a p p r o a c h ,  w i t h o u t  r e g a r d  f o r  t h e  m i c r o o r g a n i s m s  i n v o l v e d .  The m i c r o ­
b i a l  e c o l o g y  o f  t h e  RBC sy s t e m  i s  a c o m b in a t i o n  o f  complex  i n t e r r e l a ­
t i o n s h i p s  among b a c t e r i a l ,  p r o t o z o a l  and m e tazoa l  p o p u l a t i o n s  and 
t h e i r  p e r c e i v e d  e n v i ro n m e n t .  P a r a m e t e r s ,  such  as  o r g a n i c  and n u t r i e n t
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t y p e s  and c o n c e n t r a t i o n s ,  pH, t e m p e r a t u r e ,  and d i s s o l v e d  oxygen ,  a r e  
a l l  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  s t a t e  o f  t h e  RBC e c o sy s t e m and i t s  
s u c c e s s i o n  o v e r  t i me .  Thus ,  t o  o p t i m i z e  e f f e c t i v e l y  removal  o f  
o r g a n i c  m a t t e r  i n  an RBC, one mus t  have an u n d e r s t a n d i n g  o f  i t s  m i c r o ­
b i a l  e c o l o gy .
There  i s ,  however ,  a p a u c i t y  o f  i n f o r m a t i o n  p u b l i s h e d  on t h e  
m i c r o b i a l  communi t i e s  i n  RBCs a nd ,  i n  p a r t i c u l a r ,  i n  t h e  b i o f i l m s  
which grow on t h e  d i s k s .  The m a j o r i t y  o f  t h e  r e s e a r c h  c o n d uc t e d  
p r e v i o u s l y  i n v o l v e d  o n l y  m i c r o s c o p i c  o b s e r v a t i o n  and i d e n t i f i c a t i o n  o f  
s p e c i e s  by p e r s o n s  l a c k i n g  s p e c i f i c  t r a i n i n g  i n  m i c r o b i o l o g y  and 
p r o t o z o o l o g y  ( s e e  L i t e r a t u r e  Review f o l l o w i n g ) .  T h e r e f o r e ,  an impor ­
t a n t  l i n k  i n  t h e  a b i l i t y  t o  u n d e r s t a n d  and o p t i m i z e  t h e  RBC p r o c e s s  
has  been m i s s i n g .
The ma j o r  t h r u s t  o f  t h i s  d i s s e r t a t i o n  r e s e a r c h  was t o  expand 
t h e  knowledge a v a i l a b l e  c o n c e r n i n g  t h e  m i c r o b i a l  e c o l o g y  o f  t h e  RBC 
b i o f i l m .  T h i s  work c e n t e r e d  on t h e  t h r e e  m a j o r  b i o l o g i c a l  c o n s t i t u ­
e n t s  o f  t h e  RBC: b a c t e r i a ,  p r o t o z o a ,  and me tazoa .
The b i o f i l m  b a c t e r i a  were  examined  u s i n g  i s o l a t i o n  s t u d i e s ,  
l i g h t  m i c r o s c o p y ,  and t r a n s m i s s i o n  e l e c t r o n  m i c r o s co p y  i n  o r d e r  t o  
g a i n  more d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  m i c r o f l o r a  p r e s e n t  i n  p i l o t  
s c a l e  u n i t s  d u r i n g  v a r i o u s  h y d r a u l i c  and o r g a n i c  l o a d i n g  r a t e s  and 
r o t a t i o n a l  s p e e d s .  P a r t i c u l a r  a t t e n t i o n  was d i r e c t e d  t o w a r ds  ( i )  t h e  
i d e n t i t y  o f  p r e d o m i n a n t  f i l a m e n t s ,  ( i i )  t h e  m o r p h o l o g i c a l  t y p e s  o f  
u n i c e l l u l a r  b a c t e r i a  p r e s e n t ,  and ( i i i )  t h e  u l t r a s t r u c t u r a l  c h a r a c t e r ­
i s t i c s  o f  RBC b a c t e r i a  which  may s e r v e  as  i n d i c a t o r s  o f  t h e i r  p h y s i o ­
l o g i c a l  and e c o l o g i c a l  c o n d i t i o n s .
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P r o t o z o a n  and me t azoa n  communi t i e s  g r owi ng  a t  v a r i o u s  l o a d i n g  
r a t e s  i n  p i l o t  and f u l l - s c a l e  RBCs were  m o n i t o r e d  u s i n g  p h a s e  c o n t r a s t  
mi c r os co p y .  Data  c o l l e c t e d  was used  t o  d e v e l o p  a s t r a t e g y  f o r  p r e d i c t ­
i n g  BOD^ e f f l u e n t  q u a l i t y  and o p e r a t i n g  c o n d i t i o n s  b a s e d  on t h e  t y p e s  
and numbers  o f  o r g an i s ms  p r e s e n t .  T h i s  s t u d y  was a t t e m p t e d  i n  s p i t e  
o f  p r e v i o u s  i n c o n c l u s i v e  r e s u l t s  f rom a c t i v a t e d  s l u d g e  and t r i c k l i n g  
f i l t e r  s y s t e m s .  RBCs a p p e a r e d  t o  be more a d a p t e d  t o  such  a s t r a t e g y  
t h a n  o t h e r  t r e a t m e n t  modes b e c a u s e  o f  c o m p a r t m e n t a l i z a t i o n  ( whi ch  
r e s u l t e d  i n  s p e c i a l i z e d  b i o f i l m  c o mm u ni t i e s )  and e a s e  o f  a c c e s s  t o  
b i o f i l m s .
I .  LITERATURE REVIEW
Compared w i t h  t h e  volumes  o f  l i t e r a t u r e  a v a i l a b l e  on w a s t e ­
w a t e r  t r e a t m e n t  d e s i g n ,  o p e r a t i o n ,  and t h e o r y ,  r e l a t i v e l y  l i t t l e  
r e s e a r c h  i s  p u b l i s h e d  on t h e  m i c r o b i o l o g y  o f  t h e  v a r i o u s  t y p e s  o f  
s y s t e m s .  T h i s  i s  i r o n i c  i n  l i g h t  o f  t h e  f a c t  t h a t  t h e  b i o t a  i s  
r e s p o n s i b l e  f o r  mos t  o f  t h e  t r e a t m e n t  which o c c u r s .  The p u b l i s h e d  
r e s e a r c h  has  o f t e n  been c o n d u c t e d ,  n o t  by m i c r o b i o l o g i s t s ,  b u t  by 
e n g i n e e r s .  As a r e s u l t ,  much o f  i t  i s  b a s ed  on i n a d e q u a t e  t e c h n i q u e s  
and i d e n t i f i c a t i o n s .  For  e xampl e ,  a l a r g e  m a j o r i t y  o f  t h e  work on 
b a c t e r i a l  taxonomy o f  t r e a t m e n t  s ys t ems  has  been done w i t h o u t  f o l l o w ­
ing  i s o l a t i o n  and c u l t u r i n g  p r o c e d u r e s  o u t l i n e d  i n  B e r g e y ' s  Manual o f  
D e t e r m i n a t i v e  B a c t e r i o l o g y  (Buchanan and Gi bbons ,  1974) .  A d d i t i o n a l l y ,  
p r o t o z o a n  and metozoan i d e n t i f i c a t i o n s  a r e  o f t e n  p e r f o r m e d  by m a t c h i n g  
o r ga n i s ms  w i t h  p i c t u r e s  i n  t e x t b o o k s .  S t a i n i n g ,  i s o l a t i o n s ,  o r  o t h e r  
a c c e p t e d  p r o c e d u r e s  a r e  u s u a l l y  n o t  pe r fo r me d .
What f o l l o w s  i s  a l i t e r a t u r e  r e v i e w  t h a t  i n c l u d e s  mos t  o f  t h e
work a v a i l a b l e  on t h e  m i c r o b i o l o g y  ( b a c t e r i a l ,  p r o t o z o a n ,  and me t azoa n )
o f  t h e  ma j o r  t r e a t m e n t  s y s t e m s :  a c t i v a t e d  s l u d g e ,  t r i c k l i n g  f i l t e r s ,
and r o t a t i n g  b i o l o g i c a l  c o n t a c t o r s .  (The taxonomy o f  t h e  p r o t o z o a  i s
o u t l i n e d  i n  Appendix  I .  A g l o s s a r y  o f  p e r t i n e n t  t e r m s  i s  c o n t a i n e d  in  
%
Appendix  I I . )
R e g a r d l e s s  o f  t h e  t r e a t m e n t  sy s t em u s e d ,  t h e  m a j o r i t y  o f  
o r ga n i s ms  which a r e  r e s p o n s i b l e  f o r  d e g r a d i n g  t h e  w a s t e w a t e r  a r e  n o t  
i n d i g e n o u s  i n h a b i t a n t s  o f  sewage ( A l l e n ,  1944;  H a r k n e s s ,  1966;  P r ak a -  
sam and Dondero,  1967) .  Domes t i c  w a s t e w a t e r  c o n t a i n s  a m i x t u r e  o f
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f a c u l t a t i v e  and a n a e r o b i c  b a c t e r i a  and p r o t o z o a  which n o r m a l l y  i n h a b i t  
t h e  g a s t r o - i n t e s t i n a l  t r a c t  o f  humans.  These  o r ga n i s ms  a r e  e i t h e r  
q u i c k l y  k i l l e d  by e x p o s u r e  t o  a i r ,  i n a c t i v a t e d  o r  e n c y s t e d  due t o  
a e r o b i c  c o n d i t i o n s ,  o r  o u t - c o m p e t e d  by t h e  h e t e r o t r o p h i c  o r ga n i s ms  
which t h r i v e  i n  t h e  t r e a t m e n t  sys t em.  The p r e d o m i n a n t  b a c t e r i a  which 
a f f e c t  o r g a n i c  removal  i n  w a s t e w a t e r  t r e a t m e n t  s ys t ems  a r e  a e r o b i c  and 
m i c r o a e r o p h i l i c .  T h e i r  o r i g i n s  a r e  n o t  known,  b u t  t h e y  may e n t e r  
sewage f rom t h e  a i r ,  d r a i n a g e  w a t e r ,  f e c e s  o r  v i a  i n f i l t r a t i o n .  
(P rakasam and Dondero,  1967;  Wat son ,  1945;  H a r k n e s s ,  1966)
A c t i v a t e d  S l udge  M i c r o b i o l o g y
B a c t e r i a
Al t hough  n o t  d e v e l o p e d  u n t i l  1914,  a c t i v a t e d  s l u d g e  ( Arde rn  
and L o c k e t t ,  1914)  has  been  t h e  mos t  s t u d i e d  w a s t e w a t e r  t r e a t m e n t  p r o ­
c e s s  f rom a m i c r o b i o l o g i c a l  s t a n d p o i n t .  J ohnson  (1914)  m i c r o s c o p i ­
c a l l y  examined  s l u d g e  and found  t h a t  i t  c o n t a i n e d  z o o g l o e a l - f o r m i n g  
b a c t e r i a  which were s i n g l e  c e l l s  e n c a s e d  i n  a mu c i l ag e n o us  m a t r i x .  
Boswel l  and Long (1923)  l a t e r  c o n f i r m e d  J o h n s o n ' s  f i n d i n g s  and n o t e d  
t h a t  f i l a m e n t o u s  b a c t e r i a  were  o f t e n  p r e s e n t .  Rogovskaya (1927)  
i d e n t i f i e d  N o ca r d i a  a c t i n o m o r p h a  i n  s l u d g e  f l o e s .  A g e r s b o r g  (1929)  
i d e n t i f i e d ,  a p p a r e n t l y  by m i c r o s c o p i c  e x a m i n a t i o n ,  S p h a e r o t i 1 us 
n a t a n s , Zooq l oea  r a m i g e r a , Z. m a g n o l o b a t a , B e g g i a t o a , Z. g l o b o s a , and 
S p i r i l l u m  t a k e n  d i r e c t l y  f rom a e r a t i o n  t a n k s  o r  f rom l a b o r a t o r y - s c a l e  
mode l s .  In  more d e t a i l e d  c u l t u r i n g  s t u d i e s ,  B u t t e r f i e l d  and a s s o c i ­
a t e s  (1935 ,  1937)  found t h a t  t h e  z o o g l o e a l - f o r m i n g  b a c t e r i a  were 
Zooq l oea  r a m i g e r a . H e uk e l e k i a n  e t  a l . ( 1 9 3 8 ,  1939)  c o n f i r m e d  t h e
14
p r e s e n c e  o f  Z. r a m i g e r a , S t a p h y l o c o c c u s , and v a r i o u s  f ung i  were  a l s o  
r e p o r t e d  ( B a r r i t t ,  1940) .  W a t t i e  (1943)  a l s o  i s o l a t e d  Z. r a m i g e r a  
from a c t i v a t e d  s l u d g e .  In 1944,  A l l a n  p u b l i s h e d  r e s e a r c h ,  b a s ed  on 
s i mp l e  media  i s o l a t i o n s ,  d e m o n s t r a t i n g  t h a t  A c i n e t o b a c t e r , Chromo­
b a c t e r i u m , and Pseudomonas i n h a b i t e d  a c t i v a t e d  s l u d g e  s y s t e m s .  
E x t e n s i v e  i s o l a t i o n s  o f  l a b o r a t o r y - s c a l e  a c t i v a t e d  s l u d g e  s ys t ems  
i n d i c a t e d  t h a t  f l o e s  c o n t a i n e d  B a c i l l u s  c e r e u s , E s c h e r i c h i a  
i n t e r m e d i u m , F l a v o b a c t e r i u m , P a r a c o l o b a c t e r i u r n  a e r o g e n o i d e s , as  we l l  
as  t h e  a f o r e m e n t i o n e d  Z. r a m i g e r a  and N o c a r d i a  a c t i no m o r p h a  (McKinney 
& Horwood,  1952) .  In  a c o n t i n u a t i o n  o f  t h i s  work McKinney and 
W e i c h l e i n  (1953)  i s o l a t e d  a t o t a l  o f  72 s t r a i n s  o f  b a c t e r i a  f rom 
a c t i v a t e d  s l u d g e ,  o f  which Mi c r ococ cus  and A e r o b a c t e r  were  ma j o r  
c o n s t i t u e n t s .  J a s e w i c z  and Porges  ( 1 9 5 6 ) ,  wor k i ng  w i t h  l a b o r a t o r y  
a c t i v a t e d  s l u d g e  c u l t u r e s  a e r a t e d  i n  a m i l k  b r o t h ,  found  Pseudomonas , 
F l a v o b a c t e r i u m , M i c r o c o c c u s , B a c i l l u s , and S t a p h y l o c o c c u s .
C o n t r o v e r s y  a b o u t  t h e  i d e n t i t y  o f  t h e  f l o c - f o r m i n g  b a c t e r i a  
f i r s t  s u r f a c e d  s h o r t l y  t h e r e a f t e r  when Buck and Keeper  (1959)  i s o l a t e d  
z o o g l o e a l - f o r m i n g  b a c t e r i a  t h a t  were  n o t  Z. r a m i g e r a . Hawkes ( 1 9 6 3 a ) ,  
as  p a r t  o f  h i s  c l a s s i c  t e x t  on t h e  m i c r o b i o l o g y  o f  w a s t e w a t e r  t r e a t ­
ment ,  c i t e d  t e n  g e n e r a  o f  b a c t e r i a  and f i v e  g e n e r a  o f  f ung i  found in  
a c t i v a t e d  s l u d g e .  Genera  o f  b a c t e r i a  which had n o t  been p r e v i o u s l y  
me n t i oned  were  N i t r o s o m o n a s , N i t r o b a c t e r , and C r e n o t h r i x . van G i l s  
(1964)  i d e n t i f i e d  f i v e  m a j o r  b a c t e r i a  i n  a c t i v a t e d  s l u d g e ,  o f  which 
Lophomonas and A r t h r o b a c t e r  had n o t  been c i t e d  p r e v i o u s l y .  In  a 
s e r i e s  o f  p a p e r s  Dias  and Bha t  ( 1964 ,  1965)  i s o l a t e d  o v e r  300 s t r a i n s  
o f  b a c t e r i a  and found most  were G r a m - n e g a t i v e  and p o s s e s s e d  p o l a r  
f l a g e l l a .  S t o r a g e  o f  p o l y - p - h y d r o x y b u t y r a t e  (PHB) and ,  t o  a l e s s e r
15
e x t e n t ,  s t a r c h  was common. F r e e  b a c t e r i a  i n  t h e  a c t i v a t e d  s l u d g e  
f a c i l i t i e s  t h e y  examined t e n d e d  t o  be E s c h e r i c h i a  c o l i  o r  o t h e r  f e c a l  
c o l i f o r m s .  New b a c t e r i a  i s o l a t e d  i n c l u d e d  B d e n o v i b r i o  ( a c t i n g  as  a 
p r e d a t o r ) ,  C o r y n e b a c t e r i u m , and A z o t o b a c t e r . S u bs e q ue n t  work o f t e n  
c o n f i r m e d  e a r l i e r  r e s e a r c h  ( H a r k n e s s ,  1966) .
In  t h e  l a t e  1 9 6 0 1s , q u e s t i o n s  c o n c e r n i n g  t h e  t axonomy o f  
z o o g l o e a - f o r m i n g  b a c t e r i a  and p a r t i c u l a r l y  Zo oq l oea  r a m i g e r a  r e s u r ­
f a c e d .  Unz and Dondero ( 1967 )  i d e n t i f i e d  Z. r a m i g e r a  i n  a c t i v a t e d  
s l u d g e  f l o e s ,  b u t  a l s o  d e t e r m i n e d  t h a t  two t y p e s  o f  z o o g l o e a !  masses  
e x i s t e d :  b r a n c h e d  and amorphous .  Of t h e  b a c t e r i a l  i s o l a t e s  t h e y  
examined ,  however ,  s l i g h t l y  l e s s  t h a n  40 p e r c e n t  c o u l d  n o t  form zoo­
g l o e a .  S u bs e q ue n t  p u b l i c a t i o n s  ( C r a b t r e e  and McCoy, 1967;  Unz,  1971;  
Z v i r b u l i s  and H a t t ,  1967;  Ueda and E a r l e ,  1972)  a l l  q u e s t i o n e d  t h e  
s y s t e m a t i c s  o f  Zoog l oea  r a m i g e r a  and c a l l e d  f o r  c a u t i o n  i n  i d e n t i f i ­
c a t i o n s  o f  t h e  m i c r o o r g a n i s m ,  e s p e c i a l l y  a t  t h e  s p e c i e s  l e v e l .  
Z o o g l o e a , however ,  was p r o b a b l y  p r e s e n t  i n  a c t i v a t e d  s l u d g e .
Lo ve l e s s  and P a i n t e r  (1968)  i s o l a t e d  Ni t r o s omona s  f rom an 
a c t i v a t e d  s l u d g e  e n r i c h m e n t  c u l t u r e ,  as  w e l l  a s  t h e  f i l a m e n t o u s  forms 
S p h a e r o t i 1 us n a t a n s , B a c i 11 us m y c o i d e s , G e o t r i c h i u m , A r t h r o b o t r y s , and 
Zoophagus i n s i d a n s  ( t h e  l a t t e r  t h r e e  a r e  f u n g i ) .  In a s e r i e s  o f  
e x p e r i m e n t s ,  s e v e r a l  i s o l a t e s  were  o b t a i n e d  from a c t i v a t e d  s l u d g e ;  t h e  
new t y p e s  i n c l u d e d  A l c a l i g e n e s , Comamonas, C o ry n e b a c t e r i u m  and Myco­
b a c t e r i u m , ( K i u c h i ,  1968;  Adamse,  1968;  A u s t i n  and F o r s t e r ,  1969;  
Ander son ,  1969;  Tezuka ,  1969;  Gana pa t i  e t  a l .  1972;  Kato e t  a l , 1971) .  
To d e t e r m i n e  t h e  i d e n t i t y  o f  f i l a m e n t s ,  which had f o r m e r l y  a l ways  been 
l a b e l l e d  S p h a e r o t i 1 u s , Cyrus  and S l ad ka  (1970)  examined b u l k i n g  a c t i ­
v a t e d  s l u d g e .  They d e t e r m i n e d  t h a t  e i g h t  g e n e r a  had been i n c o r r e c t l y
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i d e n t i f i e d :  H e ! k e s i m a s t i x , L i n e o l a , P e l o n e ma , P e l o p l o c a , L e u c o t h r i x , 
Achronema, S p i r u l i n a , and S a p r o c h a e t e . In  a s i m i l a r  v e i n ,  o f  t h e  203 
i s o l a t e s  o b t a i n e d  from a c t i v a t e d  s l u d g e  s ys t ems  ( and  t r i c k l i n g  f i l ­
t e r s )  56 were  n o n z o o g l o e a l . The work by Unz and Dondero ( 1970)  a l s o  
showed t h a t  t h o s e  n on zo og l o e a l  b a c t e r i a  i n  amphorous z o o g l o e a  were  
" b i o c h e m i c a l l y  a c t i v e " ,  whe r e a s  Zoog l oe a  o f t e n  i n h a b i t e d  t h e  l e s s  
a c t i v e  b r a n c h e d  masses .  Some o f  t h e  p r ob l e ms  w i t h  i d e n t i f i c a t i o n  o f  
b a c t e r i a  were  a t t r i b u t e d  t o  use  o f  d i f f e r e n t  t y p e s  o f  i s o l a t i o n  media  
and t axonomi c  d i f f i c u l t i e s  ( P i k e  and Curds  1971) .
R e s ea r ch  a t  t h e  S e a t t l e ,  Wash ing t on  a c t i v a t e d  s l u d g e  p l a n t  
r e s u l t e d  i n  t h e  use  o f  n u me r i ca l  t axonomy ( S n e a t h ,  1957) t o  c l a s s i f y  
b a c t e r i a l  i s o l a t e s  ( B e n e d i c t  and C a r l s o n ,  1971;  L i g h t h a r t  and Loew, 
1972) .  The 450 i s o l a t e s  were  p a r c e l l e d  i n t o  s even  s y s t e m a t i c  g r ou p s :  
A l c a l i g e n e s  -  A c i n e t o b a c t e r , Pseudomonas , E n t e r o b a c t e r i a c e a e ,  A r t h r o -  
b a c t e r - B a c i 11 u s , C y t o p h a g a - F l a v o b a c t e r i u r n , P s e u d o m o n a s - V i b r i o -  
Aeromonas , A c i n e t o b a c t e r . Groups 8 and 9 c o n s i s t e d  o f  a m i x t u r e  o f  
v a r i o u s  t y p e s  o f  b a c t e r i a .  Us ing  n u me r i ca l  a n a l y s i s  on w a s t e w a t e r  
b a c t e r i a l  a n a l y s e s  from chemi ca l  i n d u s t r y  p l a n t s ,  S e i l e r  and Bla im 
(1982)  r e s o l v e d  t e n  s u b c l u s t e r s  o f  t h e  A l c a l i g e n e s  t y p e  and two each  
f o r  Pseudomonas and Z o o g l o e a . These  p o p u l a t i o n s  r ema i n e d  c o n s t a n t  f o r  
a f a i r l y  l ong  p e r i o d  o f  t i me .
R e c e n t l y ,  much o f  t h e  l i t e r a t u r e  has  r ev i e we d  and s u p p l e m e n t e d
p r e v i o u s  work.  Merkel  ( 1975)  n o t e d  t h a t  t h e  f i l a m e n t  T h i o t h r i x  may
a t t a c h  t o  t h e  s t a l k s  o f  O p e r c u l a r i a  d u r i n g  c o n d i t i o n s  where  h^S i s
p r e s e n t .  P i ke  e t  a l . (1972)  n o t e d  t h a t  be t ween  1 0 ^ - 1 0 ^  c e l l s  ( p l a t e  
12c o u n t )  and 10 c e l l s  ( m i c r o s c o p i c  c o u n t )  e x i s t e d  p e r  gram o f  d r y  
w e i g h t  su spe nded  m a t e r i a l .  In a c t i v a t e d  s l u d g e  p l a n t s  t r e a t i n g  low
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l e v e l s  o f  c a r b o h y d r a t e  w a s t e  ( T a k i i ,  1977 ) ,  a p p r o x i m a t e l y  t h e  same 
number  o f  c e l l s  were  v i a b l e ,  b e i n g  m o s t l y  G r a m - n e g a t i v e  and r e p r e ­
s e n t i n g  50 s t r a i n s .  When c a r b o h y d r a t e  l e v e l s  became h i g h ,  Gram- 
p o s i t i v e  b a c t e r i a  became p r e d o m i n a n t ,  e s p e c i a l l y  Cor yn e b a c t e r iu r n  and 
l a c t i c  a c i d  f o r m e r s .  The numbers  o f  n i t r i f y i n g  b a c t e r i a  p r e s e n t  i n  
a c t i v a t e d  s l u d g e  s ys t ems  were  a l s o  q u a n t i f i e d  a s  b e i n g  be t ween  1010 
and 3880 NH^+ o x i d i z e r s / m l  and 79 t o  145 NO2 o x i d i z e r s /  ml .  (S t rom e t  
a l .  , 1976) .
In  a s u r v e y  o f  1100 a c t i v a t e d  s l u d g e  p l a n t s ,  many o f  which had 
b u l k i n g  p r o b l e m s ,  Ei ke lboom ( 1975)  was a b l e  t o  c l a s s i f y  t h e  f i l a m e n t s  
i n t o  26 t y p e s  and 7 g r o u p s .  Groups I and I I  c o n s i s t e d  o f  G r am - n e g a t i ve  
and G r a m - p o s i t i v e  s h e a t h  f o r m e r s ,  r e s p e c t i v e l y .  Group I I I  was composed 
o f  t h e  c y a n o b a c t e r i a ,  w h i l e  g roup  IV c o n t a i n e d  t i n y ,  c u r l e d  f i l a m e n t s .  
S h o r t ,  s t r a i g h t ,  m u l t i  c e l l u l a r  c l u s t e r s  o f  b a c t e r i a  were  p l a c e d  i n  
g roup V. M o t i l e  and g l i d i n g  forms were  a s s i g n e d  t o  g r oup  VI.  Group 
VII  c o n t a i n e d  a l l  t h e  r e s t  o f  t h e  u n c l a s s i f i a b l e  t y p e s .
The m i c r o b i o l o g y  o f  b u l k i n g  s l u d g e  w i l l  n o t  be d i s c u s s e d  i n  t h i s
d i s s e r t a t i o n .
P r o t o z o a  and Metazoa
Dur i ng  h i s  f i r s t  e x a m i n a t i o n s  o f  a c t i v a t e d  s l u d g e  f l o e s ,
J ohnson  ( 1914)  n o t i c e d  t h a t  many p r o t o z o a  were  p r e s e n t .  S i n c e  t h a t  
t i me  many r e s e a r c h e r s  have  o b s e r v e d  t h e s e  m i c r o f a u n a  d u r i n g  t h e  c o u r s e  
o f  t h e i r  s t u d i e s .  A g e r s b o rg  (1929)  m o n i t o r e d  p r o t o z o a n  p o p u l a t i o n s  
c l o s e l y  i n  h i s  l a b o r a t o r y - s c a l e  u n i t s .  In t h e  f i r s t  o f  a  two t a n k  
s y s t em he found  M e t o p u s , Paramecium c a u d a t u m , V a h l k a m p f i a , smal l  
amoebae,  and V o r t i c e l l a . I n  t h e  s u b s e q u e n t  t a n k  t h e  same o r ga n i s m s  
a p p e a r e d  e x c e p t  t h a t  Parameciurn was r e p l a c e d  by E u q l e n a , H o l o p h y r a ,
18
S a r c o d i n a  p a l u d o s a , nema t o d e s ,  and Q x y t r i c h i a . In a n o t h e r  l a b o r a t o r y  
s t u d y ,  C h i l o d o n , Col p i d i u r n , C i n e t o c h i l u m , S t y l o n i c h i a , P l e u r o n e m a ,
i
Gl aucoma, L i t o n o t u s , A s p i d i s c a , E p i s t y l i s , C a r c h e s i u m , and V o r t i c e l l a  
were  r e p o r t e d  a l o n g  w i t h  r o t i f e r s  and eelworms ( B a r r i t t ,  1940) .  
Reynoldson  (1942)  m o n i t o r e d  V o r t i c e l l a  s p e c i e s  i n  an o n - l i n e  a c t i v a t e d  
s l u d g e  p l a n t  and found  t h a t  t h e i r  numbers ,  which  r an ge d  be t ween  400 
and 5000 / ml ,  c o r r e l a t e d  w e l l  w i t h  e f f l u e n t  BOD^ and oxygen u p t a k e .  He 
s u g g e s t e d  t h e y  c o u l d  be e f f e c t i v e  i n d i c a t o r s  o f  s y s t em o p e r a t i o n .  
R o t i f e r s ,  n e ma t odes ,  and p r o t o z o a  were  a l s o  o b s e r v e d  i n  sewage which 
c o n t a i n e d  a l a r g e  p r o p o r t i o n  o f  chemi ca l  w a s t e .  F l a g e l l a t e s  were  
a b u n d a n t ,  b u t  o n l y  a few Amoeba, V a h l k a m p f i a , and V o r t i c e l l a  were  
c o u n t e d .  When a e r a t i o n  was i n c r e a s e d ,  however ,  p e r i t r i c h  and 
Paramecium p o p u l a t i o n s  became l a r g e r  ( B a r k e r ,  1945) .  Lackey ( 1 9 3 8 ) ,  
an e m i n e n t  p r o t o z o o l o g i s t  o f  h i s  t i m e ,  s t u d i e d  99 a c t i v a t e d  s l u d g e  
p l a n t s  o v e r  t h e  c o u r s e  o f  10 y e a r s .  He o b s e r v e d  t e n  s p e c i e s  o f  p r o ­
t o z o a  p r e s e n t  i n  o v e r  h a l f  o f  t h e  f a c i l i t i e s :  A r c e l l a  v u l g a r i s , 
H a r t m a n e l l a  h y a l i n a , N u c l e a r i a  s i m p l e x , Monas m i n i m a , Peramema 
t r i c h o p h o n i o n , Pleuromonas  j a c u l a n s , A s p i d i s c a  c o s t a t a , Cy c l i d i u m 
g l a u c o m a , E p i s t y l i s  p l i c a t i l i s , and Q p e r c u l a r i a . He c o n c l u d e d  t h a t  
f ood does  n o t  n e c e s s a r i l y  d i c t a t e  a p r o t o z o a ' s  p r e s e n c e  i n  a s y s t em 
and n e i t h e r  does  l i g h t  o r  t e m p e r a t u r e .  He f u r t h e r  o b s e r v e d  t h a t  t h e  
r o l e  o f  t h e  p r o t o z o a  as  e c o l o g i c a l  i n d i c a t o r s  mus t  be used  w i t h  c a u ­
t i o n .
Horasawa (1950)  used  p r o t o z o a  t o  p r e d i c t  t h e  e f f l u e n t  q u a l i t y  
o f  an a c t i v a t e d  s l u d g e  p l a n t .  A s p i d i s c a  and s t a l k e d  c i l i a t e s  were  
p r e d o m i n a n t  when good q u a l i t y  e f f l u e n t  was b e i n g  p r od u c e d .  I n t e r ­
m e d i a t e  l e v e l s  o f  t r e a t m e n t  were  o c c u r r i n g  when L i t o n o t u s , Q x y t i c h i a ,
19
and S t y l o n i c h i a  were  o b s e r v e d .  E f f l u e n t  q u a l i t y  was g e n e r a l l y  poor  
when Co l p i d i um and Paramecium p r e d o m i n a t e d .
In  1953,  Ba i nes  e t  a l .  ( 1953)  n o t e d  t h a t  t h e  number  o f  p e r i -  
t r i c h s  o b s e r v e d  was r e l a t e d  i n v e r s e l y  t o  t h e  e f f l u e n t  q u a l i t y .  Th i s  
c o r r e l a t i o n  was even b e t t e r  when numbers  o f  V o r t i c e l l a , Q p e r c u l a r i a , 
L i t o n o t u s , and A s p i d i s c a  were  used .  U n f o r t u n a t e l y ,  a q u a n t i t a t i v e  
measure  c o u l d  n o t  be d e v e l o p e d  and t h e  r e l a t i o n s h i p  d i d  n o t  h o l d  above 
a t e m p e r a t u r e  o f  15° C. The p o p u l a t i o n  dynamics  o f  p r o t o z o a  i n  t h e  
a c t i v a t e d  s l u d g e  s ys t ems  was f u r t h e r  e l u c i d a t e d  by McKinney and Gram 
(1955)  u s i n g  l a b o r a t o r y - s c a l e  u n i t s  ( F i g u r e  2 ) .  F l a g e l l a t e s  were  
p r e d o m i n a n t  when s ys t ems  were  n o t  wor k i n g  w e l l .  As s y s t em e f f i c i e n c y  
i n c r e a s e d ,  p r edomi nance  s h i f t e d  f i r s t  t o  f r e e  swimming c i l i a t e s  and 
f i n a l l y  t o  s t a l k e d  forms .  The l a t t e r  was p o s t u l a t e d  t o  o c c u r  b e c a u s e  
s t a l k e d  forms  had l ower  e n e r g y  r e q u i r e m e n t s  t h a n  f r e e - s w i mm e r s .
A c o m p i l a t i o n  o f  t h e  common p r o t o z o a  i n  a c t i v a t e d  s l u d g e  was 
f i r s t  p u b l i s h e d  i n  Hawkes'  t e x t  on w a s t e w a t e r  m i c r o b i o l o g y  ( 1963a )  
( Ta b l e  1) .  The r o l e  o f  p r o t o z o a  and me tozoa  was d e s c r i b e d  as  s a p r o b i c  
and c a r n i v o r o u s ;  t h e y  c o u l d  a s s i m i l a t e  o r g a n i c  m a t t e r  d i r e c t l y  and 
i n g e s t  b a c t e r i a  and f u n g i .
Most  o f  t h e  r e s e a r c h  on t h e  p r o t o z o a  and me t azoa  i n h a b i t i n g  
a c t i v a t e d  s l u d g e  s ys t ems  came f rom a group  o f  s c i e n t i s t s  c e n t e r e d  a t  
Ch e l se a  C o l l e g e ,  U n i v e r s i t y  o f  London ( U . K . )  and t h e  Wat e r  Re s e a r c h  
C e n t r e  ( S t e v e n a g e ,  U . K. ) .  Brown (1965)  found  t h a t  A s p i d i s c a  c i c a d a  
and V o r t i c e l l a  were  a l t e r n a t e l y  p r e d o m i n a n t  t h r o u g h o u t  t h e  y e a r .
Seven o t h e r  s p e c i e s  were  o b s e r v e d  on an i r r e g u l a r  b a s i s :  E u p l o t e s  
a e d i c u l a t u s , C h i l o d o n e l l a  c u c u l l u l u s , A s p i d i s c a  l y n c e u s , E p i s t y l i s
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Figure 2. R e l a t i v e  P r edomi nance  o f  Mi c r oo r ga n i sms  in  A c t i v a t e d  
S l udge  Sys t ems  (McKinney and Gram, 1956)
Table 1
Some S p e c i e s  o f  P r o t o z o a  Commonly Recorded 
i n  A c t i v a t e d  S ludge  (Hawkes,  1963a)
ftHIZOFODA




Move by flagella 
(Whip-like processes)
CIU O PH O RA
Move by Cilia (Hair-like processes)
Free-Swimming Crawling on sludge floe Stalked
Assmsba sp.
Amatba astissopbora 
Arctlla m iffuis 
Asiimpbsys sp- . 
Vahlkaapfia Umax 






























a l s o  s t u d i e d  a p l a n t  f o r  a  y e a r  and r e p o r t e d  37 s p e c i e s  p r e s e n t  ( T a b l e  
2 ) ,  o f  which n i n e  were  c o n s i d e r e d  i n d i g e n o u s .  Dur ing  h e r  o b s e r v a t i o n s  
she  n o t e d  a c y c l i n g  be t ween  t h e  p e r i t r i c h ,  h o l o t r i c h ,  and h y p o t r i c h  
p o p u l a t i o n s .  She a l s o  n o t e d  t h a t  t h e  v o r t i c e l l i d s  e n c y s t e d  r a p i d l y  
d u r i n g  u n f a v o r a b l e  c o n d i t i o n s  and t h e  h o l o t r i c h ,  p o p u l a t i o n s  which 
were  m a i n l y  c a r n i v o r o u s ,  r e f l e c t e d  c ha nge s  i n  t h e  c o n c e n t r a t i o n  o f  
t h e i r  p r e y .  Some v o r t i c e l l i d s  were  p r o p o s e d  as  i n d i c a t o r  s p e c i e s .
V. o c t a v a  t h r i v e d  when b a c t e r i a  were  i n  t h e  l o g  p h a s e  o f  growth  
whe r e a s  V. c o n v a l l a r i a  t h r i v e d  when b a c t e r i a  were  i n  a s t a t i o n a r y  o r  
d e c l i n i n g  growth  p ha s e .
In  a c o m p re h e n s iv e  s t u d y  o f  a c t i v a t e d  s l u d g e  p l a n t s  i n  t h e  
U n i t e d  Kingdom, Curds  and Cockburn ( 1970a )  found t h a t  c i l i a t e s  were  
t h e  mos t  common p r o t o z o a .  Amoebae and f l a g e l l a t e s  were  o b s e r v e d  o n l y  
i n f r e q u e n t l y .  The common amoebae were  A r c e l l a  v u l g a r i s , and E u g l y p h a , 
and t h e  common f l a g e l l a t e  was Peranema t r i c h o p h o r u m  which  i n c r e a s e d  in  
number as  l o a d i n g  r a t e  e s c a l a t e d .  Of t h e  67 s p e c i e s  ( T a b l e  3)  o f  
c i l i a t e s  o b s e r v e d  ( u s u a l l y  i n  l a r g e r  numbers  t h a n  i n  t r i c k l i n g  f i l t e r s )  
t h e  mos t  i m p o r t a n t  were  T r a c h e l o p h y l l u m  p u s i 11 urn, V o r t i c e l l a  c o n v a l l a r i a , 
V. m i c r o s t o m a , V. a l b a , O p e r c u l a r i a  c o a r c t a t a , E u p l o t e s  m e o b u i s i , 
A s p i d i s c a  c o s t a t a , Ca r che s i um p o l y p i n u m , and V. f r o m e n t e l i .
S c h o f i e l d  (1971)  r e p o r t e d  a t o t a l  o f  21 s p e c i e s  i n  d e n s i t i e s  
o f  up t o  160 , 000  o rg a n i s ms / ml  ( T a b l e  4 ) .  P r e d o mi na n t  forms  were 
V o r t i c e l l a  m i c r o s t o m a , V. c o n v a l l a r i a , E p i s t y l i s , A s p i d i s c a  c o s t a t a , 
H e mi ophrys , and Coch l i opod i u rn . A s p i d i s c a  and E u p l o t e s  g e n e r a l l y  
i n d i c a t e d  a h e a l t h y  s l u d g e .
In  a s e r i e s  o f  p a p e r s  f o l l o w i n g  t h e  Curds  and Cockburn (1970a )  
p u b l i c a t i o n ,  t h e  i s s u e  o f  p r e domi na nc e  became pa r amoun t .  Sydenham
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Table 2
O c c u r r e n c e  and R e l a t i v e  F r eq u e n c y  o f  P r o t o z o a n  
S p e c i e s  i n  A c t i v a t e d  S l u d g e  ( R e i d ,  1969)
Peranema trichophorum  Ehrbg. F
Euglena  sp. Duj. R
Amoeba  sp. (limax type) RB
A. radios a Ehrbg. R
Pelomyxa palustris Greef F
Arcella disc aides Ehrbg. F
Difflugia sp. Leclerc F
A m philep tus  claparedei Ehrbg. FB
Litonotus jasciola Ehrbg. Wnzes F
L. rotunda  K ahl R
Dileptus gracilis Kahl F
Tracehelophyllum pusillum  Roux X
Chilodonella cucullus Muller FB
Chilodonella  sp. Strand R
Spa th id ium  cithera  Penard RB
Acineta  sp. Ehrbg. R
Podophrya  sp. Ehrbg. R
Paramecium caudaturn  Ehrbg. R
Vorticella aequilata Kahl X
V. convallaria Linnaeus X
V . octava Stokes X
Z oo tham nium  alternans Clap. u. L achm ann R
Carchesium polypinum  L innaeus FB
Epistylis plicatilis Ehrbg. X
E. rotans Svec R
Opercularia coarctata Clap. u. L. R
O. minima  K ah l X
O. phrynganae  Kahl X
Aspidisca cicada Muller X
A. lynceus Ehrbg. R
A. turrita Ehrbg. . R
A. robusta K ahl R
Euplotes aediculatus Pierson RB
E. bisulcatus K ahl X
Oxytricha ludibunda  Stokes R
Histriculus vorax Corliss RB
Stylonychia macrostyla Sterki RB
Legend: X =  indigenous species: B =  adventitious, bloom spe 
cies: F =  adventitious species, frequently seen; R =  a d ­
ventitious species, rarely seen.
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Table 3
C i l i a t e  S p e c i e s  Found i n  E f f l u e n t  f rom T r i c k l i n g  
F i l t e r s  and i n  Mi x e d -L i q u o r  f rom A c t i v a t e d  
S l u d g e  P l a n t s  (Curds  and Cockburn ,  1970a)
Frequency
Percolating  filters A ctivated sludge
Percentage o f samples w hich Percentage o f  samples whicft 














O rder (i) Gymnostomatida
Coleps hirtus N itzsch — — — — — — 2 2
Trachelophyllum pusillum — 8 42 50 15 21 27 64
Perty-C laparede and Lachm ann
Litonotus anguilla K ahl 2 — 2
Litonotus carinatus Stokes — — 10 10 — — 2 2
Litonotus fasciola  Ehrenberg- — — 4 4 — 2 6 8
W rzesniowski
Hemiophrys fusidens K ahl — — 15 15 — 4 27 31
Hemiophrys pleurosigma Stokes — 4 36 40 — — 2 2
Spathidium spathula M uller — — 2 2 — — — —
Trochilia minuta R oux — — 2 2 2 — 10 12
Chilodonella cucullulus (M uller) — — 21 21 2 8 9 19
Chilodonella uncitiata E hrenberg 4 25 61 90 — 8 11 19
O rder (ii) Trichostom atida
Colpoda cucullus M uller — — 21 21 — — — —
Drepanomonas revoluta Penard — — — — 2 4 9 15
O rder (iii) Hymenostomatida
Uronema nigricans (M uller) — 2 10 11 — — 2 2
Florentin
Colpidium campylum  (Stokes) — 2 10 11 2 4 4 10
Colpidium colpoda Stein — — 8 8 8 2 — 10
Glaucoma scintillans Ehrenberg — 2 10 11 2 2 2 6
Sathrophilus ociformis (K ahl) 4 4
Corliss
Tetrahymena pyriform is — — 2 2 — — 2 2
(Ehrenberg) Shewiakoff
Paramecium aurelia Ehrenberg — 2 — 2 — 4 — 4
Paramecium caudatum  Ehrenberg — 2 17 19 — — 4 4
Paramecium trichium Stokes — — — — 2 13 10 25
Cinetochilum margaritaceum — 2 52 54 — 2 4 6
Perty
Cyclidium oblongum K ahl — 2 23 25 — — — —
subclass Peritrichia 
O rder Peritrichida
Carchesium polypinum  Linnaeus 15 15 31 62 8 11 6 25
Vorticella aequilata K ahl — — 8 8 2 4 6 12
Vorticella alba From entel 2 — 4 6 11 8 19 38
Vorticella campanula E hrenberg — 2 2 4 6 6 4 15
Vorticella communis From entel — — — — — •-— 2 2
Vorticella convallaria Linnaeus 10 35 38 83 19 25 13 58
Vorticella elongata From entel — — — — — — 2 2
Vorticella fromenteli K ahl — — 4 4 4 11 16 31
Vorticella hamata Ehrenberg — — — — — — 4 4
Vorticella microstoma Ehrenberg — — 36 36 10 31 35 75
Vorticella nebulifera M uller — — 4 4 — 6 2 8
var. similis (Stokes)
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Table 3 con t 'd
Frequency
Percolating filters Activated sludge
P ercen tage 'o f samples which Percentage o f  samples which
contained species in contained species in
Large M oderate Small Large M oderate Small
N os. N os. N os. T o ta l Nos. N os. N os. T otal
Vorticella striata  D ujard in  
var. octava (Stokes)
Vorticella vernalis Stokes 
Zoothamnium mucedo Entz 
Pyxicola socialis G ruber 
Vaginicola striata  From entel 
Epistylis plicatilis E hrenberg 
Epistylis rotans Svep 
Opercularia coarctata 
C laparede and  L achm ann 
Opercularia curvicaula (Penard) 
Curds
Opercularia microdiscum F aure- 
Frem iet
Opercularia minima K ahl 
Opercularia phryganeae K ahl 
Opercularia sp.
Rhabdostyla inclinans (M uller) 
d ’Udekem
Subclass Spirotrichia 
Order (i) Heterotrichida 
Stentor roeseli E hrenberg 
Spirostomum intermedium K ahl 
Spirostomum teres C laparede 
and Lachm ann
O rder (ii) H ypotrichida 
Aspidisca costata (D ujardin) 
C laparede and L achm ann 
Aspidisca lynceus E hrenberg 
Aspidisca turrita E hrenberg 
Euplotes affinis form a typica 
Dujardin 
Euplotes carinatus Stokes 
Euplotes eurystomus W rzesniow- 
ski
Euplotes moebiusi form a 
quadricirratus Kahl 
Euplotes patella  (M uller) 
Ehrenberg
Euplotes patella  form a latus K ahl 
Euplotes patella  form a variabilis 
Stokes
ffistriculus similis Corliss 
Histriculus vorax Corliss 
Hypotrichidium conicum Ilowaisky 
Opisthotricha similis Engelm ann 
Styfonychia putrina Stokes 
Tachysoma pellionella (M uller- 
Stein)
2 4 46 52 2 8 23 33
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Table 3 cont 'd
Frequency
Percolating filters A ctivated sludge
Percentage of samples which Percentage o f samples which
contained species in contained species in
Large M oderate Small Large M oderate Small
N os. Nos. Nos. Total N os. N os. N os. Total
Subclass Suctoria 
O rder Suctorida
Acineta cuspidata Stokes — — — —  — — 6 6
Acineta foetida  M aupas — 6 31 36 — 4 9 13
Acineta grandis Kent — — — —  — — "t
Acineta sp. 8 8
Tokophrya quadripartita 4 4
(Claparede and Lachm ann)
Tokophrya mollis (Biitschli) 6 6
Podophrya carchesii C laparede 4 4
and Lachm ann
Podophrya fixa  (Quennerstedt) — — 2 —  — 4 15 19
Podophrya maupasi Biitschli — — 10 10 — — 4 4
Podophrya sp. 8 8
Discophrya elongata 4 4
(Claparede and Lachm ann)
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T a b l e  4
P r o t o z o a  i n  an A c t i v a t e d  S l u d g e  P l a n t  
a t  L e i c e s t e r ,  U.K. ( S c h o f i e l d ,  1971)
J PiTCcmai/e 
1 incidence
M axim um  
concentration 
per mi
1 . Vorticella com allaria 96-9j 2 360
2 . Vorticella actpiiiata I 5 7 0 610
3. VorticAld'mi'CYbiluuia . . j 1 0 0 -0 -i 4  360-
4. Opercularia sp 73-5 2  0 0 0
5. E pistylis sp . . 95-4 7 390
6 . Carchesium p»dypinum 34-0 1 610
7. Aspidisca costata  . . 1 0 0 - 0 7 160
8 . Drepanam onas sp  . • 8 6 - 2 16 970
9. Euplotes sp . • • • 70-8 3 170
1 0 . Trachelophyllum  sp 87-7 20 300
1 1 . Litonotus sp 60-0 6  1 2 0
1 2 . Hemiophrys sp 1 0 0 - 0 12 400
13. Chilodonella uncinata 89-2 3 840
14. Podophrya  sp 58-4 280
15. Tokophrya  sp 2 0 - 0 . 36
16. C  ochlio pod ium  sp  . . 1 0 0 - 0 1 0 0  0 0 0
17. Acineta  sp 2 0 - 0 170
18. Am oeba  sp 80-0 2 720
19. Glaucoma  sp 26-1 330
2 0 . Tetrahymena  sp S-0 56
2 1 . Peranema sp 3-0 56
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( 1971)  found  r h i z o p o d s  t o  be equa l  t o  o r  g r e a t e r  i n  number  t h a n  c i l i a t e s  
( F i g u r e  3 ) .  He g e n e r a l l y  o b s e r v e d  a n n e l i d s ,  n e m a t o d e s ,  r o t i f e r s  
( L e c a n e , M n i o b i a , P h i l o d i n a ) ,  f l a g e l l a t e s  ( P e r a n e m a , Ani sonema) , 
amoebae ( F l a b e l l u l a , M a y o r e l l a , A r c e l l a , E u g l y p h a , Co ch l i o p o d i u m ) , and 
c i l i a t e s  ( T r a c h e l o p h y l l u m , V o r t i c e l l a , E p i s t y l i s , O p e r c u l a r i a , 
A s p i d i s c a ) .  Of t h e  c i l i a t e s  and amoebae,  V. o c t a v a , V. c o n v a l l a r i a  
and F l a b e l l u l a  were t h e  mos t  common. Us ing a volume e s t i m a t e  t o  
a r r i v e  a t  a b iomass  r e l a t i o n s h i p  he found r h i z o p o d s :  c i l i a t e s :  r o t i ­
f e r s  i n  a 5 : 4 : 1  r a t i o .  He h y p o t h e s i z e d  t h a t  amoebae were  o v e r l o o k e d  
b e c a u s e  t h e y  were  s ma l l  and m i s t a k e n  f o r  d e t r i t u s .  G a y l o r d ' s  (1971)  
work s u p p o r t e d  Sydenham' s  ( 1971)  o b s e r v a t i o n s  t h a t  amoebae were  v e r y  
i m p o r t a n t  i n  a c t i v a t e d  s l u d g e  s y s t e m s .  He p r op o s e d  a scheme b a s ed  on 
h i s  r e s e a r c h  which showed t h a t  Amoeba, H a r t m a n e l l a , and Va h l ka mpf i a  
were  p r e s e n t  i n  s ys t ems  which  were  n o t  wor k i n g  p r o p e r l y  and C o c h l i o - 
podiurn, M a y o r e l l a , and F l a b e l l u l a  were  p r e s e n t  i n  p l a n t s  wor k i n g  w e l l .
In  a s t u d y  d e s i g n e d  t o  i n v e s t i g a t e  t h e  v a l i d i t y  o f  G a y l o r d ' s  
and Sydenham' s  f i n d i n g s ,  Bark  ( 1973)  o b s e r v e d  s even  a c t i v a t e d  s l u d g e  
p l a n t s ,  a l l  o f  which  were  p r o d u c i n g  h i gh  q u a l i t y  e f f l u e n t .  In  each  
f a c i l i t y  t h e  number o f  r h i z o p o d s  was g r e a t e r  t h a n  o r  e qua l  t o  t h e  
number o f  c i l i a t e s ,  t hough  t h e  b iomass  r a t i o  was a p p r o x i m a t e l y  1:1 
( F i g u r e  4 ) .  As many as  16 , 500  amoebae/ml  s l u d g e  were  o b s e r v e d ,  com­
p a r e d  w i t h  14 , 500  c i l i a t e s / m l  s l u d g e .  The ma j o r  t y p e s  p r e s e n t  were  
F l a b e l l u l a  and Coch l i opod i um b i l u m b io s um . S u b s t a n t i a l  numbers  o f  
M a y o r e l l a  bigemma, Thecamoeba v e r r u c o s a , and Eugl ypha  t u b e r c u l a t a  were 
a l s o  c o u n t e d .  The p r ob l em o f  d i f f e r e n t i a t i n g  t h e  amoebae f rom t h e  
d e t r i t u s  was n o t e d .  Bark  s u g g e s t e d  t h a t  amoebae c l a s s i f i e d  by s i z e :  
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Iro cM io  3 .0
fryfifiopnylUim
A spiditca 9 0
Y O ctan e SO
Y .C onvaitarn i 7 0
2.°..
floDIllula 25 0
EuqiypM  5 0
C a c M io p o d u n  
10 0
P e r c e n t a g e s  o f  P r e do mi na n t  S p e c i e s  i n  Two A c t i v a t e d  
S l udge  P l a n t s  (Sydenham,  1971)
30
Number/ml 
2 ,340  {
13,600 {
930 (
4 .350  £
2 .350  { 
4,250 {
The mean num erical con­
t r ib u t io n  o f tlia  major 
protozoan groups (ex­
cluding- m ic r o f la g e lla -  
tas ) to  tha sludga po­
p u la tio n  o f  Magdan
M a c ro fla g a lla te s  3 .3  i;
Amoabida 54.1 \
A r c a ll in id a  2 .9  \
H o lo tr ic h id a  14.1 \
H ypo trich ida  3 .3  1;
P e r it r ic h id a  12.4
Tha maan num erical con­
t r ib u t io n  o f tha main 
types o f amaabaa to  tha  














Limax emoeoaa 1 .3  %
Small f la b s l -  
lu l id s  12 .3  %
Medium f la b a l -  
lu l id s  45 .5  %
Larga f la b a l -  
lu l id s  3 .1  %
M. bigamma 1 .3  %
ThacamoBba
verrucosa 3 .7  %
Thacamoeba 
s t r ia t a  0 .6
Cochliopodlum  
bilimbosum 13.1 %
C. sp. 2 2 .4  V
A. v u lg a r i s  1.7
E. tu b a rcu la ta  3 .4  H
F i g u r e  4.  D i s t r i b u t i o n  o f  P r o t o z o a  and Amoebae a t  Two
A c t i v a t e d  S lu d g e  P l a n t s  ( B a r k ,  1973)
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Tha maan num erical con­
t r ib u t io n  o f tha major 
protozoan groups (ex­
cluding- m ic r o f la g e lla -  
ta s ) to  tha sludge po­
p u la tio n  o f Hogsm ill
Number/ml
520 { M a c ro fla g e lla ts s  1 .70 ^
12,700 { Amoebida 33 .53 \
3.300  ( A r c a ll in id a  12.23 *
4 ,600 ( H o jo tr ic h id a  14.91 \
3,300 ( H y p a trich id a  10.78 \
6,600 { P a r i t r ic h id a  21 .35  \
Tha maan num erical con­
tr ib u t io n  o f tha main 
types o f amoebaa to the  














iim ax amoebae 1 .5  V
Small f la b e l -  
lu l id s  ____S.a- V
Medium f la b e l -  
lu l id s  37 .9  *
Large f la b a l -  
lu l id s  4 .2  *i
M. bigenma 7 .5  \
T . VBrrucosa 0 .4  \
Thecamaeba
s t r ia t a  0 .4  %
Cochliopodium  
bilimbosum 17 \
C. sp. 2 1 .3  1;
A. v u lg a ris  2 .0
Euglypha
tu b e rc u la ta  21 .5  \
F i g u r e  4. c o n t ' d .
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e i t h e r  f r e e - f l o a t i n g  o r  a t t a c h e d  t o  f l o e s .  I t  a p p e a r e d  t h a t  t h e y  f ed  
on b a c t e r i a ,  e s p e c i a l l y  t h o s e  a s s o c i a t e d  w i t h  t h e  f l o e s ,  o r  t h a t  t h e y  
a b s o r b e d  n u t r i e n t s  d i r e c t l y .
In a s t u d y  o f  a c t i v a t e d  s i u d g e  p l a n t s  in  t h e  U n i t e d  S t a t e s ,  
Varma e t  a l .  (1375)  found V o r t i c e l l a , O p e r c u l a r i a , nema t o d e s ,  and 
v a r i o u s  o t h e r  p r o t o z o a  i n  l a r g e  numbers  ( Ta b l e  5 ) .  The p o p u l a t i o n s  o f  
C o l p o d a , Co l p i d i u r n , and f l a g e l l a t e s  "b loomed" .  The numbers  o f  Opercu­
l a r i a  and V o r t i c e l l a , t h e  two most  s u c c e s s f u l  p r o t o z o a ,  seemed t o  be a 
f u n c t i o n  o f  t h e  number and k i n d s  o f  b a c t e r i a  p r e s e n t .  They o b s e r v e d ,  
l i k e  Reid  ( 1 9 6 9 ) ,  t h a t  V o r t i c e l l a  was domi nan t  and n o t  pH d e p e n d e n t .
The p r o t o z o a  i n h a b i t i n g  t h e  deep s h a f t  m o d i f i c a t i o n  o f  t h e  
a c t i v a t e d  s l u d g e  sys t em a p p e a r e d  s i m i l a r  t o  t h o s e  i n  t h e  t r a d i t i o n a l  
mode ( C o l l i n s  and E l d e r ,  1980) .  C o n c e n t r a t i o n s  as  h i gh  as  500 , 000  
o r ga n i s ms  p e r  ml were  c o u n t e d .  At normal  l o a d i n g  r a t e s ,  V o r t i c e l ! a , 
O p e r c u l a r i a , C a r c h e s i u m , and T r a c h e l o p h y l l u m  p r e d o m i n a t e d .  As l o a d i n g  
r a t e  i n c r e a s e d ,  however ,  Glaucoma s c i n t i l l a n s  and a n o t h e r  u n i d e n t i f i e d  
p r o t o z o a  a p p e a r e d .
A t t a c h e d  and c r a w l i n g  c i l i a t e s  have l ong  been a s s o c i a t e d  w i t h  
" h e a l t h y "  a c t i v a t e d  s l u d g e  ( J o n e s ,  1974) .  In a d d i t i o n ,  a s u c c e s s i o n  
from f l a g e l l a t e s ,  t o  f r e e  swimming c i l i a t e s ,  t o  c r a w l i n g  c i l i a t e s ,  t o  
p e r i t r i c h s  has  been n o t e d  a s  e f f l u e n t  q u a l i t y  i n c r e a s e s  ( J o n e s ,  1974) .  
These  f a c t s  have l e d  t o  t h e  d e v e l op me n t  o f  v a r i o u s  t e c h n i q u e s  t o  use  
p r o t o z o a ,  e s p e c i a l l y  c i l i a t e s ,  as  i n d i c a t o r s  o f  e f f l u e n t  q u a l i t y .  The 
f i r s t  me n t i on  o f  t h i s  r o l e  was made by J ohnson  ( 1 9 1 4 ) ,  who c o n c l u d e d  
t h a t  p r o t o z o a  f u n c t i o n e d  d i r e c t l y  i n  p r o d u c i n g  c l e a r  e f f l u e n t  b e c a u se  
Parameciurn was o b s e r v e d  a s s o c i a t e d  w i t h  s u s pe nde d  s o l i d s  and f r e e  
b a c t e r i a .  Arde rn  and L o c k e t t  ( 1928 ,  1936)  a l s o  a l l u d e d  t o  such  a
Dominant  P r o t o z o a  and Metazoa  a t  V a r i o us  
Sample S i t e s  i n  an A c t i v a t e d  S l udge  P l a n t  
(Varma e t  a l . ,  1975)
Station
Sampled Type of Station Dominant Populations
1 S econdary  (w aste) Vorticella (Colpoda
sludge and  Colpidium
som etim es
num erous)
2 Secondary  effluent Vorticella,
Opercularia
3 P rim ary  effluent N em atodes and  
various p rotozoa
4 T hickened  sludge N em atodes
5 P rim ary  sludge V arious p ro tozoa
6 Sludge th ickener Vorticella
7 D igested  sludge N o pro tozoa
8 Scrap ing  from 
digested  sludge 
o u tle t
N o protozoa
9 S u p ern u tcn t liquor N o protozoa
10 D ew atered  solid 




r o l e .  By g r a z i n g ,  p r o t o z o a  were  t h o u g h t  t o  m a i n t a i n  t h e  " y o u t h "  o f  
t h e  b a c t e r i a l  communi ty ( N a s i r ,  1923) .  L a t e r  r e s e a r c h e r s  ( R e y n o l d s o n ,  
1942; J o h a n n e s ,  1965)  c o n c l u d e d  t h a t  t h e  p r o t o z o a  d i d  n o t  p l a y  a 
d i r e c t  r o l e  i n  c o n t r o l l i n g  e f f l u e n t  q u a l i t y ,  b u t  were  s t i l l  i n d i c a t o r s  
o f  w a t e r  q u a l i t y .  P r o t o z o a ,  e s p e c i a l l y  E p i s t y l i s , were  a l ways  p r e s e n t  
and a c t i v e  w h e n . t r e a t m e n t  was good ( P i l l a i  and Subrahmanyan,  1942,
1943,  1944) .  A d i r e c t  r e d u c t i o n  i n  numbers  o f  b a c t e r i a  p r e s e n t  con-  
c o m m i t a n t l y  w i t h  p r o t o z o a  was o b s e r v e d  by s e v e r a l  r e s e a r c h e r s  (Curds  
e t  a l . ,  1968;  Curds  and Fey,  1969;  Van D r i f t  e t  a l . ,  1977) .  Gude 
( 1 9 7 9 ) ,  u s i n g  a c h e m o s t a t  t h a t  m o d e l l ed  a c t i v a t e d  s l u d g e  p r o c e s s ,  
found t h a t  p r o t o z o a  c o n t r o l l e d  t h e  s p e c i e s  o f  b a c t e r i a  i n h a b i t i n g  t h e  
sys t em.  He o b s e r v e d  a change  f rom Cytophaqa  t o  M i c r o c y c l u s  when 
f l a g e l l a t e s  were  a l l o w e d  t o  f e e d .  An a d d i t i o n a l  r o l e  i n  e f f e c t i n g  
n i t r i f i c a t i o n  was s u b s e q u e n t l y  s u g g e s t e d  by P i l l a i  e t  a l .  ( 1 9 4 8 ) ;  
however ,  t h i s  has  n o t  e n j o y e d  much p o p u l a r  s u p p o r t  ( C u r d s ,  1982a) .  
E f f o r t s  were  made a t  t h e  Wat e r  R e s ea r c h  C e n t r e  ( S t e v e n a g e ,  U.K. )  t o  
d e t e r m i n e  t h e  p r i m a r y  r o l e  o f  p r o t o z o a  i n  a c t i v a t e d  s l u d g e .  In a 
s e r i e s  o f  c o n t r o l l e d  l a b o r a t o r y  s t u d i e s ,  p r o t o z o a  were  o b s e r v e d  t o  e a t  
f r e e  b a c t e r i a  ( n o t  f l o c - f o r m e r s )  and were  a l s o  i m p l i c a t e d  i n  f l o c c u l a ­
t i n g  s u s p e n d e d  m a t t e r  ( Curds  and Vandyke,  1968) .  O t h e r  s t u d i e s  have 
a l s o  d e t e r m i n e d  t h a t  p r o t o z o a  i n d i r e c t l y  a i d  i n  t h e  o p e r a t i o n  o f  
w a s t e w a t e r  t r e a t m e n t  by f l o c c u l a t i n g  f r e e  b a c t e r i a  ( B a r r i t t ,  1940;  
P i l l a i  and Subrahmanyan,  1942;  Wat son ,  1945;  B a r k e r ,  1946;  Cur ds ,
1963;  Hawkes,  1963a) .
Some n e g a t i v e  e f f e c t s  on t h e  t r e a t m e n t  p r o c e s s  may be c a u s e d  
by t h e  p r e s e n c e  o f  p r o t o z o a .  J e n k i n s  (1942)  f i r s t  e x p r e s s e d  d o ub t s  
a b o u t  t h e  c l a i m s  made by r e s e a r c h e r s  t h a t  p r o t o z o a  p o s i t i v e l y  i n f l u e n c ­
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i ng  BODg r emova l .  P i r t  and Baz i n  (1972)  found  i n  t h e i r  c h e m o s t a t  
model s  t h a t  as  p r o t o z o a n  numbers  i n c r e a s e d ,  b a c t e r i a l  p o p u l a t i o n s  
d e c r e a s e d .  Th i s  r e s u l t e d  i n  an i n c r e a s e  i n  n u t r i e n t  l e v e l s .  They 
p r op o s e d  t h a t  a 2 - s t a g e  a c t i v a t e d  s l u d g e  p l a n t  would  s o l v e  t h e  p rob l em 
o f  e x c e s s i v e  p r o t o z o a n  g r a z i n g .  By i n c r e a s i n g  d i l u t i o n  r a t e s  i n  s t a g e  
1,  p r o t o z o a  would be w a s h e d - o u t  and ,  c o n s e q u e n t l y ,  b a c t e r i a  would 
p r e d o m i n a t e .  S t a g e  2,  w i t h  a l ower  d i l u t i o n  r a t e ,  would a l l o w  p r o t o z o a  
t o  remove f r e e  b a c t e r i a .
An i nd e x  r e l a t i n g  e f f l u e n t  q u a l i t y  (BOD^) t o  c i l i a t e  s p e c i e s  
was d e v e l o p e d  on t h e  b a s i s  o f  a l a r g e  s amp l in g  p rogram which  i n v o l v e d  
s e v e r a l  o n - l i n e  a c t i v a t e d  s l u d g e  p l a n t s  (Curds  and Cockburn ,  1970b) .
The l o a d i n g  a f f e c t e d  b o t h  t h e  t o t a l  number o f  s p e c i e s  p r e s e n t  and t h e  
d i s t r i b u t i o n  o f  h o l o t r i c h ,  p e r i t r i c h ,  and h y p o t r i c h  p o p u l a t i o n s .  At 
t h e  l o w e s t  l o a d i n g  r a t e s  ( < 0 . 3  g BOD^ a p p l i e d / g  MLSS/day) an equa l  
d i s t r i b u t i o n  o f  h y p o t r i c h s ,  h o l o t r i c h s ,  and p e r i t r i c h s  was o b s e r v e d  
( F i g u r e  5 ) .  As l o a d i n g  r a t e s  i n c r e a s e d  o n l y  p e r i t r i c h s  and h o l o t r i c h s  
were  a b u n d a n t ,  and t h e  t o t a l  number  o f  c i l i a t e s  d e c r e a s e d .  At  t h e  
h i g h e s t  l o a d i n g s ,  f l a g e l l a t e s  were  a l s o  p r e s e n t .  As a r e s u l t  o f  t h i s  
work t h e  e f f l u e n t  q u a l i t y  o f  a p l a n t  c o u l d  be p r e d i c t e d  w i t h i n  t h e  
r a n g e s  0 - 1 0 ,  11 -20 ,  2 1 - 30 ,  >30 mg B0D^/1. Such a  c o r r e l a t i o n  h e l d  in  
83 p e r c e n t  o f  t h e  c a s e s  examined .  The i nde x  had s e v e r a l  d r awbacks .
I t  c o u l d  n o t  be used  t o  r e p l a c e  BOD t e s t s  and c o u l d  n o t  be c o r r e l a t e d  
w i t h  d a i l y  BOD c o n c e n t r a t i o n s .  A l a r g e  number o f  c i l i a t e s  needed  t o  
be i d e n t i f i e d  t o  t h e  s p e c i e s  l e v e l .  I t  was p o s s i b l e ,  however ,  t o  
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(e )  PERCENTAGE OF SPECIES IDENTIFIED AS HYPOTRICHS
oz
(d ) PERCENTAGE OF SPECIES IDENTIFIED AS HOLOTRICHS
0 1 02  0-3 0-4 0-S 0 <
SLUDGE LOADING ( 9 / 5  day )
0 7
F ig . 2. C ilia ted  p ro to zo a  fo u n d  in tre a tm e n t p lan ts  o p e ra ted  a t d ifferen t sludge  lo ad in g s. M ean  
to ta l n u m b er o f  c iliate  species iden tified  (a), a n d  m ean  percen tag es o f  c iiia te  species identified as 
p e ritrich s (b ), h y p o trich s  (c), an d  h o lo tr ic h s  (d).
F i g u r e  5. D i s t r i b u t i o n  o f  C i l i a t e s  a t  D i f f e r e n t  S l u d g e  Loading
Ra t es  ( Curds  and Cockburn ,  1970b)
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West  (Swi t zenbaum,  1983)  d e v e l o p e d  a m o n i t o r i n g  s ys t e m f o r  
a c t i v a t e d  s l u d g e  b a s ed  on c o u n t i n g  t h e  numbers  o f  v a r i o u s  t y p e s  o f  
p r o t o z o a .  The r e l a t i v e  a bundanc e  o f  d i f f e r e n t  t y p e s  c o r r e l a t e d  w i t h  
e f f l u e n t  q u a l i t y .  The s y s t e m  was s i m p l e  enough f o r  t r e a t m e n t  p l a n t  
o p e r a t o r s  t o  use .
D r a k i d es  (1980)  o b s e r v e d  t h e  e v o l u t i o n  o f  m i c r o f a u n a  i n  an i n d u s ­
t r i a l  a c t i v a t e d  s l u d g e  s y s t em i n i t i a l l y  t r e a t i n g  m u n i c i p a l  w a s t e .
A f t e r  s e v e n t e e n  days  o f  o p e r a t i o n  p e r i t r i c h s  were  t h e  p r e d o m i n a n t  
c i l i a t e s  p r e s e n t ,  c o m p r i s i n g  more t h a n  60 p e r c e n t  o f  t h e  t o t a l .  He 
p r o p o s e d  t h a t  t h e  m i c r o f a u n a  may be u s e f u l  i n d i c a t o r s  o f  sy s t em 
p h y s i c o c h e m i c a l  p a r a m e t e r s .
T r i c k l i n g  F i l t e r  M i c r o b i o l o g y
B a c t e r i a
Though f i l t e r s  we re  t h e  f i r s t  t o  be d e v e l o p e d  l e s s  work has  
been done on t h e  m i c r o b i o l o g y  o f  t r i c k l i n g  f i l t e r s  t h a n  a c t i v a t e d  
s l u d g e ,  b e c a u s e  o f  t h e  g r e a t e r  p o p u l a r i t y  o f  t h e  a c t i v a t e d  s l u d g e  
p r o c e s s .  Age r sb o r g  ( 1929)  i d e n t i f i e d  S p h a e r o t i l u s  n a t a n s  and Zo o g l oe a  
r a m i g e r a . W a t t i e  ( 1943)  a l s o  found Z. r a m i g e r a . V a r i o u s  k i n d s  o f  • 
f un g i  were  o b s e r v e d  by s e v e r a l  r e s e a r c h e r s  (Toml i n s on  and H a l l ,  1950;  
Cooke and H i r s h ,  1958;  Hawkes,  1963b;  P a i n t e r ,  1954;  Logvenenko,
1970) .
Calaway and a s s o c i a t e s  ( 1 9 5 2 ,  1957)  examined  t r i c k l i n g  and 
i n t e r m i t t e n t  s and  f i l t e r s  w i t h  d e p t h .  As many as  t w e l v e  h e t e r o t r o p h i c  
b a c t e r i a l  g roups  were  o b s e r v e d  w i t h  z o o g l o e a l  f o rm s ;  t h e s e  were  
l o c a t e d  p r i m a r i l y  i n  t h e  t o p  o f  t h e  u n i t s .  The u p p e r  l a y e r s  o f  t h e  
f i l t e r s  c o n t a i n e d  m o s t l y  Z. r a m i g e r a . An e qua l  d i s t r i b u t i o n  o f  
F l a v o ba c t e r i u rn  and B a c i l l u s  c e r e u s  o c c u p i e d  t h e  o t h e r  s e c t i o n s  o f  t h e
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f i l t e r s .  A smal l  number o f  A l c a l i g e n e s , N o c a r d i a , and S t r e p t o m y c e s  
were  a l s o  c o u n t e d .
Cooke and H i r s c h  ( 1 9 5 8 ,  1959)  were  c o n c e r n e d  w i t h  t h e  e c o l o g i ­
c a l  c o n d i t i o n s  i n  t h e  f i l t e r s  and d e v e l o p e d  a  g e n e r a l i z e d  e n e r g y  f low 
c h a r t  f o r  t h e  s y s t em ( F i g u r e  6 ) .  Zoog l oe a l  b a c t e r i a  were  p r e d o m i n a n t ,  
b u t  f u n g i ,  a l g a e  ( i n c l u d i n g  d i a t o m s ) ,  and y e a s t s  were  a l s o  o b s e r v e d .  
S c h e m a t i c  d i a g r a ms  o f  t h e  b i o f i l m  were  d e v e l o p e d  ( F i g u r e  7 ) .  The 
s u r f a c e  l a y e r s  c o n t a i n e d  y e a s t s ,  b a c t e r i a  and a l g a e ,  t hough  t h e  l a t t e r  
were  o b s e r v e d  v e r y  i n f r e q u e n t l y .  The ma j o r  c o n s t i t u e n t ,  however ,  was 
f u n g i .  Middle  l a y e r s  were  composed o f  f u n g a l  and a l g a l  f i l a m e n t s ,  and 
c l u s t e r s  o f  b a c t e r i a l  c e l l s .  The p r e d o m i n a n t  forms  were  a l g a e .  Basa l  
l a y e r s  c o n s i s t e d  o f  f u n g i ,  a l g a e ,  and b a c t e r i a .
Hawkes (1963b)  r e p o r t e d  t h a t  t h e  common b a c t e r i a  i n  t r i c k l i n g  
f i l t e r s  were  z o o g l o e a l - f o r m e r s , S p h a e r o t i l u s , and B e g q i a t o a . Fungi  
i n c l u d e d  Fusa r ium a q ue d u c t u m , G e o t r i c h i  urn, Sepedoni  urn, A s c o i d e a  
r u b e s c e n s , Subbaromyces  s p l e n d e n s , S p o r o t r i c h i u r n , and P e n i c i 11ium 
(James  1964) .  I s o l a t e d  and c u l t u r e d  z o o g l o e a l - f o r m i n g  b a c t e r i a  i n t o  
F l a v o b a c t e r i u m , A l c a l i g e n e s , Z o o g l o e a , and A c i n e t o b a c t e r . In  p i l o t -  
s c a l e  s i m u l a t i o n s  u s i n g  t u b e s  r e c e i v i n g  sewage,  Toml i nson  and Snaddon 
(1966)  n o t e d  t h a t  f i l m s  were  composed p r i m a r i l y  o f  G r a m - n e g a t i v e  r od s  
which formed z o o g l o e a l  ma s se s .  O t h e r  c o n s t i t u e n t s  o b s e r v e d  i n  t h e  
f i l m s  i n c l u d e d  S p i r i l l u m , s p i r o c h a e t e s , S p h a e r o t i l u s , and B e g g i a t o a . 
The s u c c e s s i o n  o f  a ma t u r e  b i o f i l m  p r o g r e s s e d  f rom z o o g l o e a l  b a c t e r i a  
t o  f ung i  ( Subbaromyces  s p l e n d e n s  and G e o t r i c h i u m ) t o  S p h a e r o t i l u s  and 
B e g g i a t o a .
As p a r t  o f  a s t u d y  on w a s t e w a t e r  b a c t e r i a ,  Unz and Dondero 




























PRINCIPAL STEPS AND COMPONENTS IN THE TRICKLING FILTER ECOSYSTEM.
F i g u r e  6.  P r i n c i p a l  S t e p s  and Components  i n  t h e  T r i c k l i n g  F i l t e r






ATTACHED OR EPIPHYTIC MOTILE
2  m m
) SURFACE LATER 
j  PREDOMINANTLY FUNGAL
INTERMEDIATE LATER  
p r e d o m in a n t l y  a l g a l
8ASAL L A T E R -F U N G A L , ALGAL 
ANO BACTERIAL
POROUS STONE SURFACE 
PORTION OF STONE
ALGAE ANO 
PR O TO ZO A N S 
THROUGHOUT
Figure 7, Di agr ammat i c  Drawing o f  Growth on a T r i c k l i n g  
F i l t e r  S t o n e  (Cooke and H i r s c h ,  1958)
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z o o g l o e a l  forms  were  b i o c h e m i c a l l y  a c t i v e  ( s e e  A c t i v a t e d  S l udge  Bac­
t e r i a  s e c t i o n ) .  I n  r e c e n t  work on d e v e l o p i n g  t r i c k l i n g  f i l t e r  s l i m e s ,  
Mack e t  a l .  (1975)  r e p o r t e d  t h a t  s u r f a c e  b a c t e r i a  e x i s t e d  i n  c o l o n i e s  
o f  r ods  and c o c c i  which  formed h o l l ow  c y l i n d e r s  o r  co lumns .  These  
s t r u c t u r e s  were  p r esumed t o  o f f e r  an a d v a n t a g e o u s  i n c r e a s e  in  s u r f a c e  
a r e a .  Deeper  w i t h i n  t h e  f i l m s ,  s p h e r i c a l  c o l o n i e s  o f  r o d s  were  common.
P r o t o z o a  and Metozoa
T r i c k l i n g  f i l t e r  p r o t o z o a  and me t azoa  have been s t u d i e d  f r e ­
q u e n t l y .  A g e r s b o r g ' s  ( 1929)  i n v e s t i g a t i o n s  were  c a r r i e d  o u t  i n  g r e a t  
d e t a i l .  He found  f o u r  g e n e r a  o f  amoebae:  Amoeba, A r c e l l a , V a h l k a m p f i a , 
and D i f f l u g i a . Two g e n e r a  o f  f l a g e l l a t e s  Peranema and Monas,  were  
common. Twenty t y p e s  o f  c i l i a t e s  were  e n u me r a t e d  ( T a b l e  6 ) .  Nema­
t o d e s ,  r o t i f e r s  ( P h i l o d i n a ) , b r i s t l e w o r m s  ( Der o ) , and p o l y c h a e t e s  were 
a l s o  o b s e r v e d .  Lackey ( 1938 )  examined  50 t r i c k l i n g  f i l t e r s  and o u t  o f  
136 s p e c i e s  he o b s e r v e d ,  12 p r o t o z o a n  g e n e r a  o r  s p e c i e s  were  p r e s e n t  
i n  more t h a n  h a l f  o f  t h e  u n i t s .  These  were  A r c e l l a  v u l g a r i s , 
C e n t r o p y x i s  a c u l e a t a , H a r t m a n e l l a  h y a l e n a , Va h l k a mp f i a  q u t t u l a ,
Monas mi n i ma , Peranema t r i c h o p h o u m , P l eu romanas  j a c u l a n s ,
A s p i d i s c a  c o s t a t a , C h i l o d o n e l l a  c u c u l l u l u s , Cy c l i d i u m g l a u c o m a , 
O p e r c u l a r i a , and V o r t i c e l l a .
B a r k e r  ( 1942 ,  1946)  a l s o  examined  o n - l i n e  t r i c k l i n g  f i l t e r s  
t r e a t i n g  medium s t r e n g t h  d o m e s t i c  w a s t e w a t e r .  The communi ty s t r u c t u r e  
v a r i e d  w i t h  d ep t h  i n  t h e  f i l t e r  ( Ta b l e  7)  and a l s o  v a r i e d  s e a s o n a l l y .  
More c i l i a t e s  l i v e d  in  t h e  mi d d le  d e p t h s  d u r i n g  low l o a d i n g  s i t u a t i o n s .  
As l o a d i n g  r a t e s  i n c r e a s e d ,  p r o t o z o a  became d i s t r i b u t e d  t h r o u g h o u t  t h e  
u n i t s .  In t h e  s p r i n g  and summer f ewe r  s p e c i e s  i n h a b i t e d  t h e  f i l t e r s ,
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T a b l e  6
C i l i a t e s  Ob s e r v e d  by A g e r s b o r g  ( 1929 )
I n  T r i c k l i n g  F i l t e r s
Paramecium Cha e n i a
S t e n t o r  P l a q i op . y l a
L i o n o t o p i s  Metopus
O x y t r i c h i a  Loxophyl lum
V o r t i c e l l a  Ch i l odon
Pyxidium Amph i l ep t u s
S c y p h i d i a  Colpoda
Co l p i d i um E p i s t . y l i s
U r o l e p t u s  O p e r c u l a r i a
43
Table 7
The D i s t r i b u t i o n  o f  P r o t o z o a  w i t h  Depth 
i n  a T r i c k l i n g  F i l t e r  ( B a r k e r ,  1946)
Organisms
Depth 
in ft. Apr. May June July
Arcella i i 1 1 —
3 9 9 4 —
5 i 36 18 —
Trinema l — — — —
3 — — — —
5 — — — —
Amoebina i 37 18 9 9
3 145 34 4 1
5 27 14 1 4
Flagellates I 227 420 34 260
3 804 123 68 90
3 88s 162 148 69
Chilodon i 1 4 33 68
3 1 36 63 18
5 9 114 27 1
Cyclidium i — 14 — —
3 — 9 — —
5 — 4 — —
Cinetochilum i 9 1 1 —
3 1 4 18 —
5 9 14 18 —
Carchesium X — 33 91 1
3 — 27 -7 4
5 — 73 268 1
Opercularia i 1 100 68 1
3 9 317 54 54
S 1 337 18 23
Podophrya i 1 1 18 —
3 45 1 32 —
S 9 45 132 —
Other ciliates t 1 log *4 —
3 1 136 45 —
5 9 118 114 —
Aug. Sept. Oct. . Nov. Dec. Jan
— — — — —
— — — — — —
— — — — - —
1 1 4 1 1
4 1 4 1 1 1
1 4 40 14 6 4
9 9 33 36 19 456
340 9 1 9 33 134
9 33 4 49 9 6l
250 126 158 797 572 828
214 92 125 170 260 158
S2 137 125 329 73 80
— 4 9 33 45 I
— 33 207 122 166 23
— 14 4 33 57 9








— 1 — — 1 1
— 1 — — 3 4
— 14 — — 1 1
— 1 — — 6 4











4 1 1 4 3 r
_
1 1






9 1 1 31 14 4
4 36 1 14 9 1
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b u t  a more c o n s t a n t  communi ty s t r u c t u r e  e x i s t e d  t h r o u g h o u t  t h e  p e r i o d .  
In autumn and w i n t e r  t h e r e  was a g r e a t e r  v a r i a t i o n  i n  t h e  p r o t o z o a  
p r e s e n t .  Some c o r r e l a t i o n  c o u l d  be made t o  c h a n g i n g  t e m p e r a t u r e s .  
Common p r o t o z o a  o b s e r v e d  a r e  shown i n  T a b l e  8.
Calaway ( 1957)  o b s e r v e d  a p r e domi na nc e  o f  e i t h e r  Colpoda  o r  
Pa ramec ium, b o t h  b a c t e r i v o r e s  i n  t r i c k l i n g  f i l t e r s .  C o l p i d i u m , 
T e t r a h y m e n a , Gl aucoma , and Leucophrys  were  a l s o  p r e s e n t .  Peranema 
( f l a g e l l a t e )  and O x y t r i d r i d a e  ( h y p o t r i c h s )  o c c u r r e d  i n  low numbers .  
Both naked and t e s t a t e  amoebae i n h a b i t e d  f i l m s ,  b u t  a g a i n  i n  low 
numbers .  A wide v a r i e t y  o f  me t azoa  were  c o n t a i n e d  i n  t r i c k l i n g  f i l t e r  
s l i m e s ,  i n c l u d i n g  a n n e l i d  worms,  f l a t w o r m s ,  n e ma t odes ,  r o t i f e r s ,  w a t e r  
m i t e s ,  and i n s e c t s  and t h e i r  l a r v a e .
As p a r t  o f  t h e i r  e c o l o g i c a l  s t u d i e s  o f  f i l t e r s ,  Cooke and 
H i r s c h  (1958)  o b s e r v e d  t h e  p r o t o z o a  and me t azoa .  Types  p r e s e n t  were 
p e r i t r i c h s ,  n ema t odes ,  i n s e c t  l a r v a e ,  worms,  and s n a i l s .  P r o t o z o a  
were  o b s e r v e d  t h r o u g h o u t  t h e  f i l m s ,  whe r e a s  many o f  t h e  l a r g e r  me t azoa  
g r a z e d  on t h e  s u r f a c e .  ( T a b l e  9)
The t y p e s  and numbers  o f  p r o t o z o a  in  t r i c k l i n g  f i l t e r s  a r e  
s i m i l a r  t o  t h o s e  o b s e r v e d  i n  a c t i v a t e d  s l u d g e  (Hawkes,  1963b) ,  w i t h  
t h e  e x c e p t i o n  o f  Ca r che s i um which i s  more common i n  t r i c k l i n g  f i l t e r s .  
The ma j o r  d i f f e r e n c e  i s  t h a t  a v e r t i c a l  d i s t r i b u t i o n  o f  t h e  o r ga n i s ms  
o c c u r s  i n  t r i c k l i n g  f i l t e r s .  G r a z e r s  a r e  a l s o  p r e s e n t  i n  f i l t e r s  and 
p l a y  a s i g n i f i c a n t  r o l e .  These  i n c l u d e  i n s e c t s  ( O r d e r s  C o l l e m b o l a ,  
C o l e o p t e r a ,  D y s t e r a )  and t h e i r  l a r v a e ,  s n a i l s ,  s p i d e r s ,  m i t e s ,  and 
o l i g i o c h a e t e s .  Algae  a r e  a l s o  i m p o r t a n t  i n  s u r f a c e  l a y e r s .
In t h e i r  l a b o r a t o r y - s c a l e  s t u d i e s ,  Toml inson  and Snaddon 
(1966)  o b s e r v e d  nema t odes ,  V o r t i c e l l a , f l a g e l l a t e s ,  and amoebae i n  t h e  
e a r l y  s e c t i o n s  o f  t h e i r  t u b e s  and O p e r c u l a r i a  i n  t h e  l a t t e r  s e c t i o n s .
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Table 8
Common P r o t o z o a  Obse rved  i n  T r i c k l i n g  
F i l t e r s  ( B a r k e r ,  1942)
S A R C O D IN A  








H e l i o z o a  
Actinophrys (1)
M A S T IG O PH O R A
P a n t o s t o m in a
C IL IO P H O R A








Mastigamoeba (2 ) S.B.H.
Dimastigamoeba (1 ) S.
PROTOMONADINA
Oikomonas (2 ) S.B.H.
Monas (2 ) S.B .H .
Pleuromonas ( t ) S.B.H.
Bodo  (2 ) S.B.H.
Cercobodo (2 ) S.B.H.
Trepomonas (1 ) S.B.H.
POLYMASTIGINA
Hexamitus (1 ) S. H .
E u c l e n o id ik a
Euglena (1 ) S.B.H.
Astasia  (1 ) S.B.H.
Distigma (1 ) H.
Menoidium  (1 ) B.H.
Peranema (1 ) H .
Petalomonas (1 ) S.B.H.
Anisonema (1 ) B.H.
P h y t o m o k a d in a
Chlamydamonas (x ) H.
Polytoma (1 ) S.B.H.
Holopkrya (1) S .B .H .
Chaenia ( i) H .




Chilodon (2) S.B .H .







Paramoecium (2) S.B .H .
Cyclidium  (1) S.B .H .
Cinetochilum (1) B.H.
H e t e r o t r ic h a
Spirostomum  (1) H.
Stentorella (1) B.H.
H y p o t r ic h a
Oxytricha (2) B.H.
Stylonychia  (1) B.H.
Aspidisca (1) S.B .H.
P e r it r :c h .\
Vorticella (2) S.B .H.
Carchesium (2) S.B .H.
Epistylis (x) B.H.





•  Norm ally parasitic in enchytraeid w orm s bu t occasionally found free in the sewage.
S. ** sedim entation tank, B. =  bed, and H . =  hum us tank.
N .B. Figures in brackets indicate the num ber o f species of each genus observed throughout the plant.
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Table 9
Compos i t e  L i s t  o f  T r i c k l i n g  F i l t e r  Organi sms  
(Cooke ,  1959)
Seliizoniycelva i bacteria  • 
Sp h aero lilu s n a lan s 
Zoogloca ram igera 
M nnv un identified  stx-eies 
C yanopliycenc (B lue G reen Alga*" 
Am pliitliri.x jan tliin a  
A nacyslia  n inntnnu 
O scillutnrin liniosu 
I’h o n n id iiiiu  iiiicinntuni 
P leurocapan sp.
E u m v co p liy ta  fFuiigi)
A bsidia corynihifcru 
cy!intlro.s|)ora 
AJleseherin boydii 
A ltem u ria  tenu is 
Ascodesmia m icroscopirurn 













C ephaloeporiiim  app. 
C h acto in ium  glolaisiun 
C ladosporitim  d adosporio ides 
C onio thy riiim  app.
fuckelii 
D em atiaceae  app.
E picoccum  nigrum  
F u sariu m  spp .




G co trichum  candidum  
G lin riad ium  roseum  
G liom aatix  couvubitu  
! .ep to m itu s lindens 
M argarinom vces lie tcrom orphura  
M em noniella  ccliiim ta 






aatiin iinua  
M yro theciu tn  v e rru can a  
I’aecilom ycea vnrio ti
I’en irillium  app.








im p lira tu m  
jnn tiiine iliun  
lilnciiiuiu 



















B bodoton ilii app.
Spbneroiiom u spinellu 
Sporo tric lium  pruiiuistim  
S ln e liy b o try s atnv 
.S tcinphvllium  oonsortiale 
Subbarom yces sp lendens 
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Curds  and Cockburn ( 19 7 0 a )  o b s e r v e d  t h e  c o n s t i t u e n t s  o f  numer­
ous o p e r a t i n g  f i l t e r s  ( T a b l e  3 ) .  Both naked and t e s t a t e  amoebae were  
p r e s e n t ,  t h e  l a t t e r  c o n s i s t i n g  o f  two A r c e l l a  s p e c i e s .  Peranema 
t r i c h o p h o r u m , Bodo c a u d a t u s , and Trepanomonas  a g i l i s  and amoebae were  
o n l y  found  in  smal l  numbers .  C i l i a t e s  were  t h e  mos t  common p r o t o z o a .
Of t h e  53 s p e c i e s  s e e n ,  V o r t i c e l l a  c o n v a l l a r i a , O p e r c u l a r i a  m i c r o d i s c u m , 
0.  c o a r c t a t a , Carches i um p o l y p i n u m , A s p i d i s c a  c o s t a t a , and 
C h i l o d o n e l l a  u n c i n a t a  were  t h e  mos t  f r e q u e n t l y  o b s e r v e d .  A few 
c i l i a t e s  were  o b s e r v e d  e x c l u s i v e l y  i n  p r i m a r y  f i l t e r s ,  and some were  
even a t t a c h e d  t o  g r a z e r s .  O t h e r  i m p o r t a n t  s p e c i e s  i n c l u d e d  0.  p h r y - 
g a n e a e , V. s t r i a t a  v a r .  o c t a v a , and C i n e t o c h i l u m  m a r q a r i t a c e u m .
In  a s t u d y  o f  o v e r a l l  p r o t o z o a n  p o p u l a t i o n s  i n  a p o l l u t e d  
e c o s y s t e m ,  Smal l  (1973)  f ound  43 g e n e r a  and 61 s p e c i e s  o f  c i l i a t e s  i n  
t h e  s e c o n d a r y  c l a r i f i e r s  f o l l o w i n g  t r i c k l i n g  f i l t e r s .  The o r d e r s  
r e p r e s e n t e d  i n c l u d e d  H y p o t r i c h i d a  (4  g e n e r a / 4  s p e c i e s ) ,  Gymnos tomat ida  
(15 g e n e r a / 2 2  s p e c i e s ) ,  Hymemostomat ida (7 g e n e r a / 1 0  s p e c i e s ) ,  P e r i -  
t r i c h i d a  (10 g e n e r a / 1 8  s p e c i e s ) ,  S u c t o r i d a  (4  g e n e r a /  4 s p e c i e s ) ,  
H e t e r o t r i c h i d a  (2 g e n e r a / 2  s p e c i e s ) ,  and 0 1 i g i o t r i c h i d a  (1 genus / 1  
s p e c i e ) .
Mack e t  a l .  ( 1975)  u s i n g  s c a n n i n g  e l e c t r o n  m i c r o s c o p y ,  
o b s e r v e d  amoebae and c i l i a t e s  e a t i n g  b a c t e r i a .  Alga l  g r o w t h ,  b o t h  
f i l a m e n t o u s  and n o n - f i l a m e n t o u s , was a l s o  p r e v a l e n t .  Diatoms were  
common.
In  a v e r y  r e c e n t  s t u d y  o f  t r i c k l i n g  f i l t e r  b i o f i l m s ,  W i l d e r e r  
e t  a l .  (1982)  found a v e r t i c a l  d i s t r i b u t i o n  o f  p r o t o z o a  c o n f i r m i n g  
B a r k e r ' s  (1946)  and Hawkes1 ( 1963b)  e a r l i e r  work.  Medium l o a d e d  f i l ­
t e r s  c o n t a i n e d  m o s t l y  V o r t i c e l l a  m i c r o s t o m a , Carches i um p o l y p i n u m ,
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V. c o n v a l l a r i a  and O p e r c u l a r i a  c o a r c t a t a  ( F i g u r e s  8 and 9 ) .  A t o t a l  
o f  8 s p e c i e s  were  c o u n t e d .  In  h e a v i l y  l oa d e d  f i l t e r s ,  14 s p e c i e s  were  
o b s e r v e d ,  w i t h  O p e r c u l a r i a  c o a r c t a t a  b e i n g  t h e  mos t  p r e v a l e n t .  At  
b o t h  l o a d i n g  r a t e s  mos t  o f  t h e  s p e c i e s  were  o b s e r v e d  t h r o u g h o u t  t h e  
f i l t e r .  At  h i g h e r  l o a d i n g s ,  however ,  some s p e c i e s  were  p r e s e n t  in 
l i m i t e d  s e c t i o n s  o f  t h e  f i l t e r .
R o t a t i n g  B i o l o g i c a l  C o n t a c t o r  M i c r o b i o l o g y  
Growth P a t t e r n s
Many e v a l u a t i o n s  o f  RBCs have i n c l u d e d  d e s c r i p t i o n s  o f  t h e i r  
g rowth  p a t t e r n s  b e c a u s e  t h e s e  a r e  suppose d  t o  be i n d i c a t i v e  o f  a 
s y s t e m ' s  m i c r o b i o l o g y .  For  t h i s  r e a s o n  a r e v i e w  o f  t h e s e  d e s c r i p t i v e  
g rowth  p a t t e r n s  has  been  i n c l u d e d  h e r e .
B i r k s  and Hynek ( 1971 )  examined  t h e  b i o f i l m  growing i n  a f o u r  
s t a g e  RBC t r e a t i n g  d a i r y  w a s t e .  The f i r s t  s t a g e  f i l m  was t h i n  and 
g r a y ,  w h e r ea s  s econd  s t a g e  g rowth  was d a r k e r ,  t h i c k e r ,  and p r e domi ­
n a n t l y  f i l a m e n t o u s .  The growth  i n  t h e  f i n a l  s t a g e s  was l i g h t  t a n  i n  
c o l o r  and f i l a m e n t o u s ,  w i t h  f o u r t h  s t a g e  growth  v e r y  s p o t t y .  RBC 
b i o f i l m s ,  e xposed  t o  b e e f  p r o c e s s i n g  w a s t e  p r e t r e a t e d  i n  an a n a e r o b i c  
d i g e s t o r ,  were  r e m a r k a b l y  s i m i l a r  t o  t h o s e  t r e a t i n g  d a i r y  w as t e  
( C h i t t e n d e n  and W e l l s ,  1971) .  Long,  l i g h t  g r a y ,  f i l a m e n t o u s  ( 1 - 2  
i n c h e s  l e n g t h )  g rowth  o c c u r r e d  i n  t h e  f i r s t  c ompar t me n t s .  Both t h e  
s econd  and t h i r d  compa r t me n t s  had brown f i l m s  w i t h  s h o r t  f i l a m e n t s .  
Hudson e t  a l . ( 1976)  r e p o r t e d  t h a t  a " f l o u r i s h i n g "  g rowth  o c c u r r e d  
when t r e a t i n g  s h e l l f i s h  p r o c e s s i n g  w a s t e s .  The h e a v i e s t  g rowth  
a p p e a r e d  i n  t h e  f i r s t  s t a g e  o f  an RBC t r e a t i n g  b o t t l i n g  p l a n t  w as t e  
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Figure 9. D i s t r i b u t i o n  o f  C i l i a t e s  i n  a H e a v i l y - Lo ad e d  
T r i c k l i n g  F i l t e r  ( W i l d e r e r  e t  a l . ,  1982)
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F u r t h e r  r e s e a r c h  on RBCs t r e a t i n g  i n d u s t r i a l  w a s t e w a t e r  w i t h  
RBCs r e v e a l e d  s i m i l a r  growth  p a t t e r n s .  Lagnese  (1980)  r e p o r t e d  a 
g r a y - b l a c k ,  t h i c k  b i o f i l m  w i t h  a t h i n  c r y s t a l l i n e  s u b l a y e r  g rowing  in  
an o v e r l o a d e d  RBC t r e a t i n g  t a n n e r y  w a s t e .  He s u s p e c t e d  t h e  s u b l a y e r  
t o  be CaCOg. B i o f i l m  e xpos e d  t o  a p h e n o l - f o r m a l d e h y d e  w as t e  was 
g r a y i s h - b r o w n  ( Br ac e we l l  e t  a l . ,  1980) .  S u bs eq u en t  o v e r l o a d i n g  o f  t h e  
u n i t  p r od u c e d  a w h i t e ,  f i l a m e n t o u s  ( p o s s i b l y  B e g g i a t o a ) t y p e  o f  morpho­
l ogy .  R e c e n t l y ,  RBCs t r e a t i n g  s t a r c h  w a s t e  w i t h  low d i s s o l v e d  oxygen 
c o n c e n t r a t i o n s  had a f i l a m e n t o u s ,  t h r e a d - l i k e  b iomass  (Li  e t  a l .
1982) .
RBC b i o f i l m s  t r e a t i n g  d o m e s t i c  w a s t e w a t e r  u s u a l l y  show more 
d i f f e r e n t i a t i o n  i n  morphol ogy i n  t h e i r  l a t t e r  compar t me n t s .  When 
t r e a t i n g  summer camp w a s t e ,  t h e  f i r s t  and s econd  compar tment  f i l m s  
were b l a c k  and s t r i n g y  w i t h  w h i t e  g e l a t i n o u s  p a t c h e s  ( Sack  e t  a l . ,  
1973) .  S ub s eq u e n t  t h i r d  and f o u r t h  compar t men t  f i l m s  were  g r e e n i s h  
brown.  G r i f f i t h  e t  a l .  ( 19 7 8 )  r e p o r t e d  t h a t  i n i t i a l  s t a g e s  had a 
d e n s e ,  d a r k  g r a y ,  f i l a m e n t o u s  ( 0 . 1 5 - 0 . 3 0  i n c h e s )  b i o f i l m .  L a t t e r  
s t a g e s ,  where n i t r i f i c a t i o n  was o c c u r r i n g ,  had t h i n  ( . 0 0 4  i n ) ,  brown 
g rowth .  Ouyang ( 1980)  found f i r s t  compar tment  f i l m s  t o  be d a r k  
c o l o r e d ,  f o l l o w e d  by s econd  compar t men t  f i l m s  which were  t a n  o r  brown 
and a s s o c i a t e d  w i t h  a s l u r r y .  The l a s t  s t a g e  growth  was h a r d e r  and 
a l s o  had a t a n  c o l o r .  A p a t t e r n  o f  g r a y  t o  d a r k  c o l o r e d ,  f i l a m e n t o u s  
growth i n  t h e  f i r s t  s t a g e  f o l l o w e d  by t h i n n e r  and l i g h t e r  c o l o r e d  
f i n a l  s t a g e  growth  was o b s e r v e d  i n  o t h e r  s t u d i e s  where  d o m e s t i c  w a s t e ­
w a t e r  was t r e a t e d  ( I t o  and Mat suo ,  1980;  Pano and M i d d l e b r o o k s ,  1982;  
Fry e t  a l . ,  1982) .  O v e r l o ad e d  u n i t s  p r o d u c e d  a ma l odorous  and e x c e s ­
s i v e  growth  which was f u r r y  o r  h a i r - l i k e  ( V i r a r a g h a v a n ,  1980) .  Con­
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v e r s e l y ,  b i o f i l m  mor phol ogy  c o u l d  be i mproved  by a d d i t i o n  o f  s u p p l e ­
menta l  a i r  o r  a p u r e  oxygen a t mo s p h e r e .  The f o r me r  p r od uc e d  t h i n  and 
un i f o r m f i l m s  ( A l b e r t ,  1982 ) ,  whe r e a s  t h e  l a t t e r  c o n t a i n e d  no f i l a ­
ments  (Huang,  1980) .
In t h e i r  s t u d i e s  o f  an o n - l i n e  RBC p l a n t  h y d r a u l i c a l l y  l oa de d  
3 2a t  0 . 1 5 4  m /m *d,  Al leman e t  a l .  ( 1 982 )  d e s c r i b e d  t h e  growth  p a t t e r n  
f o r  each  o f  t h e  f o u r  s t a g e s .  S t a g e s  1 and 2 showed c o n s i d e r a b l e  
s l o u g h i n g  o f  a w h i t e  o u t e r  l a y e r ,  which r e v e a l e d  a b l a c k  s u b l a y e r .
The f i l a m e n t o u s  g rowth  e n t r a p p e d  o r g a n i c  d e b r i s .  The growth  on s t a g e  
3 was more b r o w n i s h - w h i t e ,  w h i l e  t h e  f o u r t h  s t a g e  had a brown c o l o r  
w i t h  o c c a s i o n a l  w h i t e  p a t c h e s .
The d r a f t  r e p o r t  o f  t h e  U.S.  EPA ( 1982)  on RBCs a l s o  c h a r a c ­
t e r i z e d  b i o f i l m  g rowt h .  The a c t i v e  t h i c k n e s s  was e s t i m a t e d  a t  20-600 
pm and t h e  o v e r a l l  d e p t h  r a n g e d  f rom 1 . 4 5 - 2 . 8 7  mm. F i r s t  s t a g e  growth  
was n o r m a l l y  b r o w n i s h - g r a y ,  w i t h  t e r m i n a l  s t a g e s  o f  r e d d i s h - b r o w n  
e s p e c i a l l y  d u r i n g  n i t r i f i c a t i o n .  Dur i ng  o v e r l o a d i n g  t h e  f i l m  was 
w h i t e  and shaggy.
O b s e r v a t i o n s  a t  o p e r a t i n g  m u n i c i p a l  f a c i l i t i e s  r e v e a l e d  t h a t  
RBC f i r s t  s t a g e  f i l m s  were  d a r k  brown t o  g r a y  and became t h i n n e r  and 
l i g h t e r  i n  c o l o r  i n  s u b s e q u e n t  s t a g e s  ( B e r g s ,  1982) .  F in a l  s t a g e s  
were  o f t e n  v e r y  t h i n  and l i g h t  brown and d i d  n o t  c o m p l e t e l y  c o v e r  d i s k  
s u r f a c e s .  In s e v e r e l y  u n d e r l o a d e d  f a c i l i t i e s ,  t h e  t h i n  l i g h t  brown 
growth o c c u r r e d  on a l l  s t a g e s .
B a c t e r i a
The f i r s t  ma j o r  p u b l i s h e d  r e p o r t  on RBCs ( A n t o n i e  and Welch,  
1969)  c o n t a i n e d  a l i s t  o f  t h e  b a c t e r i a  and f un g i  i s o l a t e d  from t h e
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b i o f i l m  ( T a b l e  10) .  U n f o r t u n a t e l y ,  methods  o f  i s o l a t i o n  were  n o t  
m e n t i o n e d ,  b u t  i m p o r t a n t  s p e c i e s  were  d e l i n e a t e d .  Of t h e  15 t y p e s  o f  
o r ga n i s ms  f ou n d ,  G e o t r i c h i  um c a n d i d u m, B a c i l l u s  c e r e u s , Zoog l oea  
f i l i p e n d u l a , Pseudomonas d e n i t r i f i c a n s , A e r o b a c t e r  a e r o g e n e s , and 
E s c h e r i c h i a  c o l i  were  p r e d o m i n a n t .  C h i t t e n d e n  and We l l s  ( 1971)  found 
S p h a e r o t i l u s , B e g g i a t o a , and Z o o g l o e a . In  a d d i t i o n  t o  t h o s e  g e n e r a  
and s p e c i e s  p r e v i o u s l y  m e n t i o n e d ,  Torpey  e t  a l . (1971)  o b s e r v e d  
Zoog l oea  r a m i g e r a  and O s c i 11i t o r i  a  i n  t h e  f i r s t  t h r e e  s t a g e s .
B e g g i a t o a  and S p h a e r o t i l u s  were  found  i n  t h e  f i r s t  two s t a g e s  o f  a 
n i n e  s t a g e  RBC ( P r e t o r i u s ,  1971) .  The l a t t e r  s t a g e s  c o n t a i n e d  z o o ­
g l o e a l  b a c t e r i a  and v e r y  f i n e  f i l a m e n t s .  The f i r s t  d i s k s  o f  a h e a v i l y  
l o a d e d  RBC c o n t a i n e d  Zo o g l oe a  r a m i g e r a , S p h a e r o t i l u s  n a t a n s , C l a d o t h r i x , 
and B e g g i a t o a  a l b a  ( P es c o d  and N a i r ,  1972) .
B a c t e r i a l  b i omass  i n  an RBC t r e a t i n g  d o m e s t i c  w a s t e w a t e r  was
2
e s t i m a t e d  a t  2 . 1 - 7 . 0  mg/cm i n  t h e  f i r s t  and s e c o n d  s t a g e s  and 0 . 4 - 2 . 0
2mg/cm i n  t h e  f o u r t h  s t a g e  (Sudo e t  a l . ,  1977) .  The p r e d o m i n a n t  
f i l a m e n t s  o b s e r v e d  were  S p h a e r o t i 1 us and f u n g i .  P l a t e  c o u n t s  showed a 
s i g n i f i c a n t  number o f  h e t e r o t r o p h s , n i t r i f i e r s ,  and d e n i t r i f i e r s  in  
a l l  compar t men t s  o f  t h e  u n i t  ( T a b l e  11) .  When l o a d i n g  r a t e s  were  
i n c r e a s e d  (BOD^ = 1000 m g / 1 ) ,  B e g g i a t o a  and Zo o g l oe a  r a m i g e r a  p r e d o m i ­
n a t e d .  An i n d e x  o f  l o a d i n g  was d e v e l o p e d  as  a r e s u l t  o f  t h e s e  s t u d i e s  
( T a b l e  12) .
I n d u s t r i a l  w a s t e s  a r e  o f t e n  t r e a t e d  u s i n g  RBCs, and some 
m i c r o b i o l o g i c a l  work has  been  done i n  t h e s e  c a s e s .  K i t c h e n s  e t  a l .  
(1980)  i s o l a t e d  Pseudomonas f 1u o r e s c e n s  and G e o t r i c h i  um d u r i n g  t r e a t ­
ment  o f  a m u n i t i o n s  w as t e  c o n t a i n i n g  TNT, HMX, RDX and f o r ma l de h y d e .
In  a n o t h e r  e v a l u a t i o n  o f  m u n i t i o n s  w a s t e  t r e a t m e n t ,  RBC f i l m s  were
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Table 10
Organi sms  I d e n t i f i e d  i n  an RBC Biomass  
( A n t o n i e  and Wel sh ,  1969)
Pr e d o mi na n t  Organi sms  Non- Pr e domi nan t  Organi sms
Zoogl oea  f i l i p e n d u l a  Pseudomonas f l u o r e s c e n s
Pseudomonas d e n i t r i f i c a n s Pseudomonas  a e r u g i n o s a
A e r o b a c t e r  a e r o g e n e s N e i s s e r i a  c a t a r r h a l  i s
E s c h e r i c h i a  c o l i G e o t r i c h i u m  candidum
E s c h e r i c h i a  f r e u n d i i  Type I T o r u l a  s pp .
E s c h e r i c h i a  spp . R h od o t o r u l a  spp .
B a c i l l u s  c e r e u s  v a r .  myco ides
B a c i l l u s  c e r e u s
Mi c r ococ cus  c o n q l o m e r a t u s
Mic r ococ cus  l u t e u s
Table 11
Numbers o f  B a c t e r i a  Found i n  an RBC B i o f i l m  
(Sudo e t  a l . , 1977)
M ic ro -F lo ra  and Fauna No. 1 Stage No. 2 Stage No. 3 Stage No. 4 Stage A ctiva ted  Sludge
Process
Ile te ro tro p h ic  B acte ria
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Lou Loading Rate
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Renewal
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B i o l o g i c a l  I n d i c a t o r s  o f  an RBC B i o f i l m  
(Sudo e t  a l . ,  1977)
Blomaaa C h a ra c te r is tic s
l e t  Stage -  5 mg/cm 
decreasing to  
F in a l Stage -  les s  than 
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g re a te r than 5 mg/cm2 
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composed o f  t h e  f un g i  Fus a r i um and G e o t r i c h i  urn, t h r e e  pseudomonads  and 
two B a c i 11 us s p e c i e s  ( C h e s l e r  and E s k e l u n d ,  1980) .  Bra c e we l l  e t  a l .  
(1980)  r e p o r t e d  t h a t  B e g q i a t o a  p r e d o m i n a t e d  when RBCs were  o v e r l o a d e d  
w i t h  phenol  and f o r ma l de h y d e .  The b i o f i l m  d e v e l o p e d  d u r i n g  s a l i n e  
w a s t e  t r e a t m e n t  c o n s i s t e d  o f  f i l a m e n t s  r e s e m b l i n g  S p h a e r o t i l u s  and 
z o o g l o e a l  b a c t e r i a  ( K i n n e r  and B i s h op ,  1980) .  O r g a n i c s  and p e s t i c i d e s  
d e l i v e r e d  t o  RBCs i n  shock  l o a d s  c a u s e d  G r a m - n e g a t i v e  b a c i l l i  and 
v a r i o u s  y e a s t s  t o  d e v e l o p  ( Smi t h  and K h a r a r j i a n ,  1982) .  An o r g a n i c  
f i r e f i g h t i n g  a g e n t  (FC-780)  was d e g r a d e d  by an RBC b i o f i l m  c o n t a i n i n g  
A s p e r g i 11 us and P e n i c i l 1 i um, as  we l l  as  n o n f i l a m e n t o u s  f u n g i .  B a c t e r i a l  
c o n s t i t u e n t s  o f  t h e  f i l m  were  G r a m - p o s t i v e  S t a p h y l o c o c c i , S t e p t o c o c c i , 
and B a c i 11a e ;  G r a m - n e g a t i v e  B a c i 11a e ;  and f i l a m e n t o u s  B a c i 11ae (Landon-  
Ar no l d  and Chan,  1982) .
B i o f i l m s  from RBCs t r e a t i n g  d o m e s t i c  w a s t e s  have been we l l  
s t u d i e d .  B a n e r j i  (1980)  r e p o r t e d  t h a t  f i l m s  on a l l  d i s k s  c o n t a i n e d  
S p h a e r o t i 1 us and z o o g l o e a l  b a c t e r i a  and t h a t  f i n a l  s t a g e s  o f t e n  had 
t h e  n e m a t o d e - t r a p p i n g  f ungus  A t h r o b o t r y s . In t h e  e a r l y  p e r i o d s  o f  
deve l op me n t  f i l m s  c o n t a i n e d  Pseudomonas d e n i t r i f i c a n s  and B e g g i a t o a  
a l b a . The p r e d o m i n a n t  f i l a m e n t s  i n  a p i l o t - s c a l e  RBC were  S p h a e r o t i l u s  
and t h e  a c t i n o m y c e t e  N o c a r d i a  (Hoag e t  a l . ,  1980) .  Zoog l oe a  p r ed o mi ­
n a t e d  i n  t h e  l a t t e r  s t a g e s  o f  t h e  u n i t .  S i m i l a r  r e s u l t s  were  o b t a i n e d  
by Ouyang (1980)  and Khan and Raman ( 19 8 0 ) .  The l a t t e r  g r o u p ,  however ,  
a l s o  r e p o r t e d  t h a t  Fusa r i um grew i n  t h e i r  b i o f i l m s .
Dur ing  o v e r l o a d e d  c o n d i t i o n s ,  B e g g i a t o a  was commonly r e p o r t e d  
as  f o r mi ng  a w h i t e  f i l a m e n t o u s  growth  ( C h e s n e r  and I annone  1980;  
H i t t d l e b a u g h  and M i l l e r ,  1980;  S r i n i v a s a r a g h a v a n  e t  a l . ,  1980;  H a r t u n g ,  
1982) .  U n d e r l y i n g  l a y e r s  o f  b i o f i l m  were  o f t e n  b l a c k  and ma l odo r ous .
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When s u p p l e m e n t a l  a i r  was i n t r o d u c e d  i n t o  t h e s e  s y s t e m s ,  B e g g i a t o a  was 
e l i m i n a t e d  ( H a r t u n g ,  1982;  A l b e r t ,  1982) .
C o n c e n t r a t i o n s  o f  n i t r i f i e r s  were  me asure d  in  RBC b i o f i l m s
e f f e c t i n g  n i t r i f i c a t i o n .  H e t e r o t r o p h i c  b a c t e r i a  numbered 1 0 ^ - 1 0 ^
2 6 7c e l l s / m  . Ammonia o x i d i z e r s  and n i t r i t e  o x i d i z e r s  were  1 0 - 1 0  and
C O  O
10 - 10  c e l l s / m  , r e s p e c t i v e l y  ( I t o  and Matsuo ,  1980) .  In  a n o t h e r  
n i t r i f i c a t i o n  s t u d y ,  a l l  s t a g e s  o f  t h e  RBC had c o u n t s  o f  n i t r i f i e r s  o f
10^ -10^  MPN/cm^ ( S t r a t t a  and Long,  1980) .
Al leman e t  a l .  ( 1982)  used  s c a n n i n g  e l e c t r o n  m i c r o s co py  t o  
examine f i r s t  s t a g e  b i o f i l m s  which  were  o v e r l o a d e d .  They i d e n t i f i e d  
t h e  f i l a m e n t s  i n  t h e  o u t e r  l a y e r  as  B e g g i a t o a  and t h e  i n n e r  c o n s t i ­
t u e n t s  a s  t h e  s h o r t ,  comma-shaped,  r o d s  D e s u l f o v i b r i o . On t h e  b a s i s  
o f  t h e i r  work t h e y  d e v e l o p e d  a t h e o r e t i c a l  view o f  t h e  b i o f i l m  ( F i g u r e  
10).
The U.S.  EPA ( 1982)  a l s o  r e p o r t e d  t h a t  B e g g i a t o a  was p r e s e n t  
on t h e  s u r f a c e  o f  f i l m s  e xpos e d  t o  o v e r l o a d e d  c o n d i t i o n s  where  was 
p ro d u c e d .  In  n o r m a l l y  o p e r a t i n g  s y s t e m s ,  however ,  b o t h  f i l a m e n t o u s  
and z o o g l o e a l  b a c t e r i a  p r e d o m i n a t e d .
P r o t o z o a  and Metazoa
P r o t o z o a  and me t azoa  were  o b s e r v e d  i n  some o f  t h e  e a r l y  RBC
r e s e a r c h ,  b u t  u s u a l l y  i n  t h e  l a t t e r  s t a g e s  o f  t h e  u n i t s .  Torpey  e t
a l .  ( 1971)  r e p o r t e d  t h a t  f r e e  swimming and s t a l k e d  c i l i a t e s ,  amoebae,  
r o t i f e r s ,  and nematodes  a l l  o c c u r r e d  in  t h e  f i n a l  s t a g e s  o f  t h e i r  
p i l o t - s c a l e  RBC. Some o f  t h e  o b s e r v e d  g e n e r a  i n c l u d e d  V o r t i c e l l a , 
D i f f l u g i a , Ca rches i u rn , and A r c e l l a . The f i r s t  and s econd  d i s k s  in  
P r e t o r i u s 1 (1971)  p i l o t  u n i t  c o n t a i n e d  amoebae,  n e ma t odes ,  and c i l i ­
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F i g u r e  10. H y p o t h e t i c a l  S c h em a t i c  o f  an RBC B i o f i l m  C o n t a i n i n g  
B e g g i a t o a  (Al l eman  e t  a l . ,  1982)
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c o n t a i n i n g  t h e  n e m a t o d e - t r a p p i n g  f ungus  A t h r o b o t r y s . Pescod  and N a i r  
(1972)  o b s e r v e d  n i n e  s p e c i e s  o f  p r o t o z o a  and me t azoa .  The f i r s t  
s t a g e s  had f i l m s  which  c o n s i s t e d  o f  Paramecium c a u d a t u m , Cy c l i d i u m 
g l a u c o m a , Oicomonas t e r m o , O x . y t r i c h i a  b i f a r i a , and E u g l e n a . The f i n a l  
s t a g e  m i c r o f a u n a  i n c l u d e d  V o r t i c e l l a  m i c r o s t o m a , t h e  r o t i f e r s  Ep i pha ne s  
s e n t a  and P r o a l e s , and t h e  nematode Ethmola imus  a m e r i c a n u s .
A s u c c e s s i o n  o f  m i c r o f a u n a  was o b s e r v e d  f rom s t a r t - u p  by Hao 
and H e n d r i c k s  ( 1975)  i n  t h e i r  RBC p i l o t  p l a n t .  I n  t h e  f i r s t  week,  
c i l i a t e s  and f l a g e l l a t e s  were  domi nan t .  Dur i ng  t h e  s econd  week,  
however ,  o n l y  worms were  p r e s e n t .  In  t h e  t h i r d  week p r o t o z o a  r e t u r n e d  
a l o n g  w i t h  r o t i f e r s  and worms.  A f t e r  two months  o f  o p e r a t i o n  t h e  
f i r s t  compar t men t  was do mi na t e d  by c i l i a t e s .  The s econd  one c o n t a i n e d  
c i l i a t e s ,  amoebae,  and E u g l e n a ; t h e  t h i r d  had c i l i a t e s  and r o t i f e r s ;  
and t h e  f i n a l  compar t men t  c o n t a i n e d  f l a t w o r m s ,  c i l i a t e s  and r o t i f e r s .
P r o t o z o a  and me t azoa  were  o b s e r v e d  d u r i n g  i n d u s t r i a l  w a s t e w a t e r  
t r e a t m e n t  a l s o .  Landon-Arno ld  and Chan ( 1982)  found  n e m a t o d e s ,  s a r c o -  
d i n a n s  and c i l i a t e s  i n h a b i t i n g  b i o f i l m s  t r e a t i n g  an o r g a n i c  f i r e  
f i g h t i n g  a g e n t .  The c i l i a t e s  i n c l u d e d  s u c t o r i a n s ,  Zoothamnium, V o r t i ­
ce l  l a , and Parameciurn. Dur i ng  s a l i n e  w a s t e  t r e a t m e n t  Ki n n e r  and 
Bi shop  (1980)  o b s e r v e d  z o o f l a g e l l a t e s ,  r h i z o p o d s ,  h o l e t r i c h s ,  p e r i t -
r i c h s ,  nema t odes ,  and r o t i f e r s  i n  a l l  c ompar t me n t s  o f  an RBC l o a d e d  a t
3 2 3 20 . 0 4  m /m *d. At  a h i g h e r  l o a d i n g  ( 0 . 0 8  m /m *d) r o t i f e r s  and p e r i -
t r i c h s  were  e l i m i n a t e d  f rom t h e  f i r s t  comp a r t me n t ,  and r o t i f e r s  and
nematodes  were  b o t h  e l i m i n a t e d  f rom t h e  f o u r t h  compar tment .
Domes t i c  w a s t e w a t e r  t r e a t m e n t  s t u d i e s  r e v e a l e d  an even g r e a t e r  
number o f  t y p e s  o f  m i c r o f a u n a  i n  RBC b i o f i l m s .  Sudo e t  a l . ( 1977 )  
found  E p i s t y l i s  i n  t h e  f i r s t  and s econd  c ompar t me n t s  o f  an RBC l o a d e d
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a t  9 . 7  g o r g a n i c  m a t t e r / m  *d. The t h i r d  and f o u r t h  c ompar t me n t s  con­
t a i n e d  Monas and O p e r c u l a r i a , r e s p e c t i v e l y .  O t h e r  i n h a b i t a n t s  were  
r o t i f e r s ,  n ema t odes ,  and o l i g o c h a e t e s .  When t h e  l o a d i n g  was i n c r e a s e d  
t o  12 . 9  g o r g a n i c  m a t t e r / m  *d, E p i s t y l i s  p r e d o m i n a t e d  i n  t h e  f i r s t  
t h r e e  compar tmen t s  and Eugl ypha  d i d  so i n  t h e  f o u r t h .  When t h e  sys t em 
was o v e r l o a d e d  t h e  f l a g e l l a t e  Cercobado became p r e v a l e n t  i n  t h e  f i r s t  
s t a g e ,  O p e r c u l a r i a  and P h i l o d i n a  ( r o t i f e r )  p r e v a i l e d  i n  t h e  second  
s t a g e ,  and t h e  f o u r t h  s t a g e  was as  b e f o r e .  On t h e  b a s i s  o f  t h e s e  
r e s u l t s  a l i s t  o f  i n d i c a t o r  o r ga n i s ms  was c o mp i l e d  ( T a b l e  12) .
B a n e r j i  ( 1980)  r e p o r t e d  t h a t  f i r s t  s t a g e  f i l m s  c o u l d  c o n t a i n  
Parameciurn, C y c l i d i u m , Qcomonas , O x y t r i c h i a , and E u g l e n a . L a s t  s t a g e  
f i l m s  c o n s i s t e d  m o s t l y  o f  r o t i f e r s  ( E p i p h a n e s , P r o a l e s ) , V o r t i c e l l a , 
and nematodes  ( E t hmol a i mus ) .  Ouyang ' s  (1980)  RBC had some d i f f e r e n t  
o r g a n i s m s .  The s econd  s t a g e  m i c r o f a u n a  c o n s i s t e d  o f  r o t i f e r s ,  
D i p l o g o s t e r , and Zoothamniurn. The t h i r d  and f o u r t h  s t a g e s  c o n t a i n e d  
r o t i f e r s  and P o d a p h r y a , r e s p e c t i v e l y .  A s u b s t a n t i a l  number o f  p r o ­
t o z o a  and me t azoa  were  o b s e r v e d  by Khan and Raman (1980)  ( T a b l e  13) .
Hoag e t  a l . (1980)  r e p o r t e d  s e e i n g  many t y p e s  o f  p r o t o z o a  and 
me t azoa  i n  t h e i r  p i l o t - s c a l e  RBC b i o f i l m s .  The amoebae commonly 
o b s e r v e d  in  t h e  t h i r d  and f o u r t h  s t a g e s  i n c l u d e d  Amoeba g u t t u l a ,
A. p r o t e u s , A. g o r g o n i a , D i f f l u g i a  o b l o n g a t a , N u c l e a r i a  s i m p l e x  and 
H e t e r o p h r y s  m y r i o p od a . F l a g e l l a t e s  were  i n f r e q u e n t  members o f  t h e  
b i o f i l m  community.  The o n l y  one o b s e r v e d  r e g u l a r l y  was Peranama which 
o c c u r r e d  in t h e  f o u r t h  s t a g e .  R o t i f e r s  composed 31 p e r c e n t ,  63 p e r c e n t ,  
and 38 p e r c e n t  o f  t h e  m i c r o f a u n a  o f  t h e  s e co nd ,  t h i r d ,  and f o u r t h  
compar tment  b i o f i l m s ,  r e s p e c t i v e l y .  Nematodes  were  mos t  f r e q u e n t l y  
s een  i n  t h e  second  and t h i r d  c ompar t me n t s .  A t o t a l  o f  31 s p e c i e s  o f
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Table 13
Organi sms  I d e n t i f i e d  i n  an RBC B i o f i l m  
(Khan and Raman, 1980)
PROTOZOA 
Paramaecium caudaturn 
V o r t i c e l l a  sp .
E p i s t y l i s  s p .
Amoeba p r o t e u s  
Glaucoma sp .
A s p i d i s c a  c o s t a t a  
Carches i um sp .  
O p e r c u l a r i a  s p .  
L i t o n o t u s  s p .  
Podophrya sp .  
C h i l o d o n e l l a  u n c i n a t a  
Colpoda sp .
E u p l o t e s  s p .
ROTIFERS 
R o t a r i a  r o t a t o r i a  
Lecane sp .
P h i l o d i n a  sp .  
NEMATODES
R h a b d i t i s  Larvae
ALGAE
O s c i l l a t o r i a  sp .  
S p i r u l i n a  s p .  
Phormidrum s p .  
Chlamydomonas s p .  
Se l e ma s t r um sp .  
C h l o r e l l a  sp .  
A c t i n o s p h a e r i u m  s p .  
A n a c y s t i s  sp .  
Synedra  sp .  
D e n t i c u l a  s p .  
Diatoma sp .  
T a b e l l a r i a  s p .  
N i t z s c h i a  sp .  
N a v i c u l a  s p .
FUNGI 
Fusar ium sp .  
FILAMENTOUS BACTERIA 
S p h a e r o t i l u s  n a t a n s
Dor io l amus  s p .
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c i l i a t e s  were found i n  t h e  b i o f i l m s  ( T a b l e  14) .  The f i r s t  s t a g e  
c o n t a i n e d  p r i m a r i l y  f l a g e l l a t e s  and f r e e  swimming c i l i a t e s .  The 
s econd  s t a g e  was f r e q u e n t l y  d o mi na t ed  by a t t a c h e d  c i l i a t e s  and nema­
t o d e s .  R o t i f e r s  p r e d o m i n a t e d  i n  t h e  t h i r d  s t a g e ,  and s a r c o d i n a n s  and 
somet imes  f r e e  swimming c i l i a t e s  and nematodes  were  d o mi nan t  i n  t h e  
f o u r t h  s t a g e .  F r e e  swimming c i l i a t e s  were  t h e  mos t  t o l e r a n t  o f  h i gh  
o r g a n i c  c o n c e n t r a t i o n s  and ammonia l e v e l s ,  f o l l o w e d  by a t t a c h e d  c i l i ­
a t e s ,  s a r c o d i n a n s ,  and r o t i f e r s .  Hoag e t  a l .  ( 1980)  examined one 
o p e r a t i n g  RBC p l a n t  and found  f r e e  swimming c i l a t e s  in  t h e  f i r s t  s t a g e  
and r o t i f e r s  and s a r c o d i n i a n s  i n  s t a g e s  3 -6  ( F i g u r e  11) .  Bergs  ( 1982)  
r e p o r t e d  t h a t  f i r s t  s t a g e  f i l m s  o f t e n  c o n t a i n e d  s t a l k e d  c i l i a t e s ,  
f o l l o w e d  by worms,  r o t i f e r s ,  and c i l i a t e s .  In  an u n d e r l o a d e d  p l a n t ,  
r o t i f e r s  a p p e a r e d  i n  a l l  s t a g e s .
O v e r l o a d e d  RBCs had b i o f i l m s  w i t h  r e d u c e d  numbers  o f  r o t i f e r s  
and c i l i a t e s  ( H a r t u n g ,  1982) .  Upon a d d i t i o n  o f  s u p p l e m e n t a l  a i r ,  
however ,  r o t i f e r  and c i l i a t e  p o p u l a t i o n s  i n c r e a s e d  a f t e r  4 - 5  weeks o f  
o p e r a t i o n .
N i t r i f y i n g  f i l m s  c o n t a i n e d  a m i x t u r e  o f  p r o t o z o a  and g r a z e r s  
o f  which P r i s t i n a  f o r e l i  and Aeolosoma h e mpr i ch i  were  t h e  mos t  common 
( P r e t o r i u s ,  1975) .
In r e c e n t  s t u d i e s  Al lman e t  a l . ( 1982 )  found  nematodes  i n  
o v e r l o a d e d  f i l m s .  The U.S.  EPA (1982)  r e p o r t e d  t h a t  t h e  numbers and 
d i v e r s i t y  o f  p r o t o z o a  i n c r e a s e d  as  l o a d i n g  d e c r e a s e d  w i t h  s u c c e s s i v e  
s t a g e s  i n  RBCs. At  BOD^ < 15 mg/1 V o r t i c e l l a  and o t h e r  s t a l k e d  c i l i ­
a t e s  were common. S n a i l s  and b r i s t l e w o r m s  were  r a r e l y  r e p o r t e d  i n  
f i l m s  and c o u l d  be n u i s a n c e  g r a z e r s .
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Table 14
C l a s s i f i c a t i o n  o f  Mi c r o f au na  from L a b o r a t o r y  
RBC B i o f i l m s  (Hoag e t  a l . ,  1980)
TAXONOMIC CLASSIFICATION FREQUENCY





Order S T A G E
Genus




Chilodonella cucculus _ 6 6 —
Traecophylum pusilium - 6 6 6
Didinium nasutum - - - 6
Orthodonella guttula 6 6 - 6
Coleps hirtus - - - 6
Spathidium spathula - 6 - 6
Prorodon griseus - - 6 -
Prorodon teres - - 6 -
Litonotus lamellae 19 50 63 56
Litonotus fasciola 13 44 44 44
Order Trichostomatida
Colpoda inflata 6 6 6 -
Order Suctorida
Podophyphra elongata _ 6 _ —











31 13 38 13
6
Glaucoma scintillans 44 56 50 38
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Table 14 cont 'd
Order Peritrichida
Vortlcella campanula 19 31 44
Vortlcella microstoma 6 6 13
Vortlcella acquilata 38 38 19
Vortlcella nebuifera 19
Opercularia coarctata 25 13 13
Epistyllis plicatis 6 6
Telotrochidum henneguyi 6 19 13
Order Hypotrichlda
Euplotes patella. 6 6






Amoeba guttula 6 - 19 25
Amoeba proteus - 19 69 56
Amoeba verucosa - - 13
Amoeba gorgonia - 6 38 38
Amoeba U m a x  6
Amoeba striata - - 13 13
Order Testacea
Diffuglia oblongata - - 25 69
Order Proteomyxida
Nuclearia simplex 6 44 31
Order Heliozoida
Heterophrys myriopoda 6 6 25
Class Mastigophosa
Order Chrysomoadida
Monas amoebina 6 19 6 6
Monas obliqua 6 6
Monas vulgaris 6 6 13 19
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Table 14 con t 'd
1 2  3 4
Order Phytomonadida








Mastigamoeba reptans 13 13 19
Order Protomastigida 
Bodo caudatus 6 13
Bodo globosus 13








































F i g u r e  11.  P o p u l a t i o n s  o f  Mi c ro f auna  i n  a F u l l - S c a l e  RBC (Hoag e t  
a l . ,  1980) .
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As p a r t  o f  h i s  g r a d u a t e  r e s e a r c h ,  K r e l l  ( 1980)  s t u d i e d  t h e  
p r o t o z o a  and me t azoa  o f  a 50 d i s k / 5 0  compar tment  RBC p i l o t - s c a l e  u n i t  
r e c e i v i n g  a r t i f i c i a l  w a s t e w a t e r .  I n f l u e n t  DOC and COD were  200 mg C/1 
and 395 mg O2 / I , r e s p e c t i v e l y .  E f f l u e n t  v a l u e s  were  19 mg C/1 and 36 
mg O2 / I .  N i t r i f i c a t i o n  o c c u r r e d  i n  compar tment  30 and a l l  s u b s e q u e n t  
compar t me n t s .  A f t e r  12 days  Co l p i d i um campy1 urn a p p e a r e d  i n  t h e  u n i t  
and p r e d o m i n a t e d  i n  t h e  f i r s t  compar t me n t s .  A f t e r  30 -35  days  i t  d i e d  
o u t  i n  t h e  l a t t e r  s t a g e s  o f  t h e  RBC. Glaucoma s c i n t i l l a n s  a l s o  
a p p e a r e d  w i t h i n  a p p r o x i m a t e l y  8 days  o f  s t a r t - u p ,  b u t  i t  t e n d e d  t o  be 
more p r e v a l e n t  i n  t h e  end c o mp a r tme n t s .  C h i l o d o n e l l a  was t h e  n e x t  
c i l i a t e  t o  a p p e a r .  I t  was o b s e r v e d  a f t e r  14 days .  Podaphrya  f i x a  , 
O p e r c u l a r i a , Uronema, and L i t o n o t u s  a l l  a p p e a r e d  a f t e r  a p p r o x i m a t e l y  
28 days  o f  e x p e r i m e n t a t i o n  and o f t e n  t e n d e d  t o  be mos t  f r e q u e n t l y  
o b s e r v e d  i n  l a t t e r  s t a g e s .  P l a t ynema  s o c i a l e  and Parameciurn had 
i n v a d e d  t h e  b i o f i l m  by 34 d a y s ,  and f i n a l l y  Colpidum c o l p o d a  was 
o b s e r v e d  a f t e r  58 days  o f  o p e r a t i o n .  The c i l i a t e s  o b s e r v e d  d u r i n g  t h e  
s t u d y  were  Co l p i d i um c o l p o d a , C. campy1 urn, Glaucoma s c i n t i l l a n s , 
L i t o n o t u s  f a s c i o l a , Podaphrya  f i x a , O p e r c u l a r i a  c o a r c t a t a , C h i l o d o -  
n e l l a  u n c i n a t a , P l a t ynema  s o c i a l e , Uronema mar i num, Parameci  urn 
t r i c h i  urn, and A s p i d i s c a  c o s t a t a . R o t i f e r s  and nematodes  were  o b s e r ­
ved ,  b u t  u s u a l l y  when t h e  DOC was be low 15 and 20 mg C/ 1 ,  r e s p e c ­
t i v e l y .  Us ing t h e  s a p r o b i c  i nd e x  f i r s t  d e v e l o p e d  by Ko l kwi t z  and 
Marsson (1908 ,  1909 ) ,  K r e l l  c l a s s i f i e d  t h e  RBC c i l i a t e s  and c r e a t e d  a 
s p e c i e s  c a t a l o g  b a s ed  on compar t me n t  f r e q u e n t e d ,  DOC, COD, pH, NHg-N, 
and P 0 ^  t o l e r a n c e s  ( T a b l e  15) .
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T a b l e  15
P o l y s a p r o b i c  C i l i a t e s  i n  t h e  RBC B i o f i l m  ( K r e l l ,  1980)
Co lp id ium  campylum ( S t o c k e s )  
s i z e  50-70  pm
T o l e r a n c e
Compartment 










Colpidum c o l p o d a  ( E h r e n b e r g )  
s i z e  60-150  pm
T o l e r a n c e Normal maximum
Compartment 





Glaucoma s c i n t i l l a n s  ( E h r e n b e r g )  
s i z e  4 0 -75  pm
T o l e r a n c e Normal maximum
Compartment 





C h i l o d o n e l l a  u n c i n a t a  ( E h r e n b e r g )  
s i z e  50 -90  pm
T o l e r a n c e Normal maximum
Compartment 
DOC (mg C/1 )
11-50
4 2 -1 8
13-17
2 9 -18
P la tynem a  s o c i a l e  i 
s i z e  50pm
( K a h l )
T o l e r a n c e Normal Maximum
Compartment 





Podaphya f i x a  ( O . F . M u l l e r )  
s i z e  50pm







L i t o n o t u s  f a s c i o l a  ( E h r e n b e r g )  
s i z e  -100pm




T a b l e  15 c o n t ' d
O p e r c u l a r i a  c o a r c t a t a  ( C l a p a r e d e  and Lachmann) 
s i z e  50 pm
T o l e r a n c e  Normal maximum
Compar tment 14-30  15-25
DOC (mg C /1 )  2 9 -16  25-16
I I .  MATERIALS AND METHODS
Phase  I -  I n i t i a l  B i o f i l m  S t u d i e s
Two d i f f e r e n t  t y p e s  o f  c o n t a c t o r  p i l o t  p l a n t s  were  examined in  
t h i s  p h a s e  o f  t h e  r e s e a r c h .  The f i r s t  o f  t h e s e  was o p e r a t e d  i n  a fume 
hood in  an e n v i r o n m e n t a l  e n g i n e e r i n g  l a b o r a t o r y  a t  t h e  U n i v e r s i t y  o f  
New Hampshire .  I t  had o n l y  one com par tm en t  c o n s t r u c t e d  from an a c r y l i c  
h a l f  c y l i n d e r ,  30 cm lo n g  and 20 cm i n  d i a m e t e r .  A h o r i z o n t a l  s t a i n ­
l e s s  s t e e l  s h a f t  s u p p o r t e d  16 d i s k s ,  e ac h  18 cm i n  d i a m e t e r ,  f o r  a
2
t o t a l  w e t t e d  s u r f a c e  a r e a  o f  0 .7 9  m . The e q u a l l y - s p a c e d  d i s k s  were
made o f  f i b e r b o a r d  s e a l e d  w i t h  p o l y u r e t h a n e .  A r o t a t i o n a l  s p e e d  .of
0.31 m/s was m a i n t a i n e d  by a m e c h a n ic a l  d r i v e .  The u n i t  was exposed
t o  l o w - l e v e l  f l u o r e s c e n t  l i g h t  o f  l e s s  t h a n  100 lumens /m f o r  up t o  12
h /d .  Ambient  a i r  and w a s t e w a t e r  t e m p e r a t u r e s  were  20° C. All  d i s k s
were  a p p r o x i m a t e l y  40 p e r c e n t  submerged in  w a s t e w a t e r  a t  any g iv e n
t i m e .  The i n f l u e n t  f o r  t h i s  18-cm u n i t  c o n s i s t e d  o f  raw sewage o b t a i n e d
in  20-1 i t e r  c a r b o y s  from t h e  Durham, New Hampshire  sewage pumping
s t a t i o n .  The c a r b o y s  were  s t o r e d  a t  4° C u n t i l  u sed  (maximum h o l d i n g
t im e  3 d a y s ) ,  t h e r e b y  a l l o w i n g  s o l i d s  t o  s e t t l e .  The s e t t l e d  sewage
was t r a n s p o r t e d  from t h e  c a r b o y s  t o  t h e  c o n t a c t o r  by a p e r i s t a l t i c
pump s e t  t o  d e l i v e r  57 1 /d .  T h i s  f low  was s u f f i c i e n t  t o  o p e r a t e  t h e
3 2u n i t  a t  a h y d r a u l i c  l o a d i n g  r a t e  o f  0 . 0 4  m /m *d and an o r g a n i c  l o a d -
2
i ng  r a t e  a v e r a g i n g  3 . 2  g TOC/m *d.
A second  c o n t a c t o r  p i l o t  p l a n t  was housed  i n  a l a b o r a t o r y  
t r a i l e r  l o c a t e d  a t  t h e  Durham, New Hampshire w a s t e w a t e r  t r e a t m e n t
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p l a n t .  I t  was a 4 - com par tm e n t  m e c h a n ic a l  d r i v e  B i o - S u r f  u n i t  
( A u t o t r o l  C o r p . ,  M i lw aukee ,  WI) w i t h  c o r r u g a t e d  p o l y e t h y l e n e  d i s k s ,  
0 . 5  m i n  d i a m e t e r .  The r o t a t i o n a l  s p eed  was 0 .31 m/s and t h e  sub ­
mergence  l e v e l  was 40 p e r c e n t .  The u n i t  was ex p o s ed  t o  no more t h a n  
10 h / d  o f  n a t u r a l  l i g h t .  Ambient  a i r  t e m p e r a t u r e  was m a i n t a i n e d  a t  
20° C; w a s t e w a t e r  t e m p e r a t u r e  was no l e s s  t h a n  17° C. The 0 .5 -m  u n i t
3
r e c e i v e d  0 . 9 5  m o f  f r e s h  p r i m a r y  e f f l u e n t  from t h e  Durham t r e a t m e n t
p l a n t  each  day.  The e f f l u e n t  was pumped c o n t i n u o u s l y  t o  a c h i e v e  an
3 0
o v e r a l l  h y d r a u l i c  l e a d i n g  r a t e  o f  0 . 0 4  m /m^ d and an o r g a n i c  l o a d i n g
2
r a t e  a v e r a g i n g  3 . 2  g TOC/m *d.
Both c o n t a c t o r s  a c h i e v e d  s t e a d y  s t a t e  o p e r a t i o n  a f t e r  a 3-wk 
s t a r t - u p  p e r i o d ,  a s  d e t e r m i n e d  by o b t a i n i n g  s i m i l a r  e f f l u e n t  t o t a l  
o r g a n i c  c a r b o n  (TOC) c o n c e n t r a t i o n s  on 3 c o n s e c u t i v e  d a y s .  The TOC 
m e asu re m en ts  were  p e r f o r m e d  on i n f l u e n t  and e f f l u e n t  s am p le s  a f t e r  
f i l t r a t i o n  t h r o u g h  Whatman No. 40 p a p e r ,  a c c o r d i n g  t o  t h e  ampule 
method o u t l i n e d  f o r  t h e  O ceanography  I n t e r n a t i o n a l  Model 525 A n a l y z e r  
(O ceanog raphy  I n t e r n a t i o n a l  C o r p . ,  C o l l e g e  S t a t i o n ,  TX). M i c r o b i a l  
s am p le s  from t h e  18-cm c o n t a c t o r  b i o f i l m  f o r  b o th  l i g h t  and e l e c t r o n  
m ic ro s c o p y  were  s c r a p e d  random ly  o f f  t h e  s u r f a c e  o f  t h e  f i r s t  d i s k  
a f t e r  s t e a d y  s t a t e  was a c h i e v e d .  B i o f i l m  from t h e  0 .5 -m  u n i t  was 
s c r a p e d  randomly  from d i s k  s u r f a c e s  a t  t h e  f r o n t ,  m i d d l e ,  and end o f  
t h e  f i r s t  com par tm en t .
L i g h t  M ic roscopy
The b i o f i l m  s am ple s  removed from t h e  c o n t a c t o r s '  d i s k s  were 
t o o  d e n s e  t o  exam ine d i r e c t l y  by l i g h t  m ic ro s c o p y .  T h e r e f o r e ,  t h e y  
were  r i n s e d  in  s e v e r a l  p e t r i  d i s h e s  c o n t a i n i n g  d i s t i l l e d ,  d e i o n i z e d
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w a t e r  (DDW) and t h e n  drawn up r e p e a t e d l y  i n  a P a s t e u r  p i p e t t e  t o  
s e p a r a t e  t h e  d e n s e l y  t a n g l e d  mass .  S e v e r a l  w e t  mounts  o f  each  washed  
sample were  examined w i t h  a Nikon B i o p h o t  m i c r o s c o p e ,  e q u i p p e d  w i t h  
Nomarski  i n t e r f e r e n c e  o p t i c s ,  i n  o r d e r  t o  a s s e s s  t h e  m i c r o f l o r a  p r e ­
s e n t .  P h o to m i c r o g r a p h s  o f  each  sample  were  made w i t h  Kodak Pana tom ic-X  
(ASA 32) f i l m .
For  s p e c i f i c  s t a i n i n g  p r o c e d u r e s ,  p i e c e s  o f  r i n s e d  b i o f i l m  
sam ples  were  washed f o u r  a d d i t i o n a l  t i m e s  in  DDW and f u r t h e r  s e p a r a t e d  
by b o th  t h e  P a s t e u r  p i p e t t e  t e c h n i q u e  and by d i r e c t  m i c r o m a n i p u l a t i o n .  
Most o f  t h e  c o n s t i t u e n t s  were  removed from t h e  sam ples  by t h e s e  t e c h ­
n i q u e s ,  e x c e p t  f o r  t h e  b a c t e r i a l  f i l a m e n t s  and t h e  f i l m - f o r m i n g  b a c t e r i a .  
The p r e s e n c e  o f  p o l y - p - h y d r o x y b u t y r a t e  (PHB) g r a n u l e s  i n  r i n s e d  b i o f i l m  
sam ples  was t e s t e d  f o r  by s t a i n i n g  w i t h  Sudan B la c k  B a c c o r d i n g  t o  t h e  
p r o c e d u r e  o u t l i n e d  by Burdon ( P e l c z a r ,  1957) .  The p r e s e n c e  o f  f e r r i c  
i r o n  on b a c t e r i a l  f i l a m e n t s  was t e s t e d  f o r  by r e a c t i o n  w i t h  0.1% 
aq ueous  p o t a s s i u m  f e r r o c y a n i d e ,  u n d e r  a c i d i c  c o n d i t i o n s ,  t o  p ro d u c e  
t h e  P r u s s i a n  b l u e  r e a c t i o n  (Skerman ,  1967) .  S p e c i a l  c a r e  was t a k e n  t o  
i n s u r e  t h a t  any s o l u b l e  f e r r i c  i r o n  i n  t h e  b i o f i l m  was removed by 
r i n s i n g  r e p e a t e d l y  t h e s e  s am p les  i n  DDW.
I s o l a t i o n  E x p e r im e n t s
The t e c h n i q u e s  u sed  t o  i s o l a t e  S p h a e r o t i 1 us were  s i m i l a r  t o  
t h o s e  d e s c r i b e d  by Dondero e t  a l . ( 1 9 6 1 ) .  B i o f i l m  washed i n  4 r i n s e s  
o f  DDW and t e a s e d  a p a r t  w i t h  t h e  P a s t e u r  p i p e t t e  t e c h n i q u e  was mixed 
w i t h  50 ml DDW f o r  30 s in  a b l e n d e r .  The homogenate was s t r e a k e d  f o r  
i s o l a t i o n  on p l a t e s  o f  CGY and GG a g a r  (Dondero e t  a l . ,  1961) and 
i n c u b a t e d  f o r  48 h a t  20° C. The r e s u l t i n g  f i l a m e n t o u s  g row th  was
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examined by l i g h t  m ic ro s c o p y  and t e s t e d  f o r  PHB g r a n u l e s  as d e s c r i b e d  
above.
E l e c t r o n  M ic roscopy
All  b i o f i l m  s p ec im en s  were p r e p a r e d  f o r  e l e c t r o n  m i c ro s c o p y  by 
t h e  t h i n  s e c t i o n i n g  t e c h n i q u e .  Two f i x a t i o n  p r o c e d u r e s  were  used  t o  
p r e p a r e  eac h  sample  f o r  t h i n  s e c t i o n i n g .  For t h e  K e l l e n b e r g e r  f i x a t i o n ,  
p i e c e s  o f  b i o f i l m  m a t e r i a l  were su sp e n d e d  in  K e l l e n b e r g e r  b u f f e r  
( K e l l e n b e r g e r  e t  a l . ,  1958)  and s u f f i c i e n t  1 % OsO^ ( i n  K e l l e n b e r g e r  
b u f f e r )  was added  t o  b r i n g  t h e  f i n a l  c o n c e n t r a t i o n  o f  OsO^ t o  0.1 %.
The s am p les  were p r e f i x e d  i n  t h i s  s u s p e n s i o n  f o r  30 min a t  room 
t e m p e r a t u r e ,  a f t e r  which  t h e y  were  c o n c e n t r a t e d  and washed by c e n t r i ­
f u g a t i o n  i n  f r e s h  K e l l e n b e r g e r  b u f f e r .  The r e s u l t i n g  p e l l e t  was 
r e s u s p e n d e d  i n  2 -3  d r o p s  o f  a t r y p t o n e - s a l t  s o l u t i o n  (1 % D ifco  t r y p t o n e ,  
0 . 5  % NaCl)  and mixed w i t h  a p p r o x i m a t e l y  0 . 5  ml m o l te n  D i fco  Noble Agar 
a t  50° C. The a g a r - s p e c i m e n  m i x t u r e  was t r a n s f e r r e d  t o  a g l a s s  s l i d e ,  
a l l o w e d  t o  s o l i d i f y ,  and c u t  i n t o  sm al l  b l o c k s  ( l e s s  t h a n  1 mm on a 
s i d e )  w i t h  a r a z o r  b l a d e .  These  b l o c k s  were  p o s t - f i x e d  12-18  h a t  
room t e m p e r a t u r e  in  1 % 0 s0^  ( i n  K e l l e n b e r g e r  b u f f e r )  and p r e s t a i n e d  2 
h a t  room t e m p e r a t u r e  i n  0 . 5  % u ra n y l  a c e t a t e  ( i n  K e l l e n b e r g e r  b u f f e r ) .  
For  t h e  g l u t a r a l d e h y d e - o s m i u m  t e t r a o x i d e  f i x a t i o n ,  p i e c e s  o f  b i o f i l m  
m a t e r i a l  were  s u sp e n d e d  i n  0.1 M sodium cac o d y l  a t e  b u f f e r  (pH 7 . 5 )  and 
s u f f i c i e n t  12.5% g l u t a r a l d e h y d e  ( i n  0.1 M sodium c a c o d y l a t e  b u f f e r )  
was added  t o  b r i n g  t h e  f i n a l  c o n c e n t r a t i o n  o f  g l u t a r a l d e h y d e  t o  3 %. 
F o l lo w in g  p r e f i x a t i o n  i n  t h i s  s u s p e n s i o n  f o r  2 h a t  room t e m p e r a t u r e ,  
t h e  spec im ens  were c o n c e n t r a t e d  and washed t w i c e  by c e n t r i f u g a t i o n  in
0.1  M sodium c a c o d y l a t e  b u f f e r .  The f i n a l  p e l l e t  was r e s u s p e n d e d  in
76
t r y p t o n e - s a l t  s o l u t i o n  and embedded i n  a g a r  as  d e s c r i b e d  above .  The 
r e s u l t i n g  b l o c k s  o f  a g a r  were  t h e n  p o s t f i x e d  12-18  h a t  room t e m p e r a ­
t u r e  in  1 % OsO^ ( i n  0 .1  M sodium c a c o d y l a t e  b u f f e r ) .
Samples  from b o th  f i x a t i o n s  were  d e h y d r a t e d  t h r o u g h  a g r a d e d  
e t h a n o l  s e r i e s  and t h e n  embedded in  S p u r r ' s  l o w - v i s c o s i t y  epoxy r e s i n  
( S p u r r ,  1969) .  Th in  s e c t i o n s  were  c u t  w i t h  g l a s s  k n iv e s  o r  w i t h  a 
Diatome diamond k n i f e  on an LKB U l t r a t o m e  I I I  u l t r a m i c r o t o m e ,  u s i n g  a 
c u t t i n g  s p e e d  o f  1 mm/s. The s e c t i o n s  were r e t r i e v e d  on u n c o a t e d ,
400-m esh ,  c o p p e r  spec im en  g r i d s ,  a f t e r  which  t h e y  were p o s t s t a i n e d  15
min w i t h  0 . 5  % u ra n y l  a c e t a t e  ( i n  50 % m e th a n o l )  and 2 min w i t h  0 . 4  % 
le a d  c i t r a t e  ( R e y n o l d s ,  1963) .
Thin  s e c t i o n s  were  v iewed w i t h  a JEOL JEM-100S t r a n s m i s s i o n  
e l e c t r o n  m ic r o s c o p e  a t  an a c c e l e r a t i n g  p o t e n t i a l  o f  80 kV. Each 
spec im en  was examined and p h o t o g r a p h e d  e x t e n s i v e l y  t o  i n s u r e  t h a t  a 
r e p r e s e n t a t i v e  s a m p l in g  o f  m i c r o b i a l  c e l l s  was o b t a i n e d .  Compar isons  
were  a l s o  made w i t h  l i g h t  m i c r o s c o p a l  o b s e r v a t i o n s  ( s e e  above)  f o r  
t h i s  p u r p o s e .  S i z e  m easu rem en ts  and o t h e r  q u a n t i t a t i v e  d a t a  were 
o b t a i n e d  from p h o t o g r a p h i c  e n l a r g e m e n t s  o f  t h e  e l e c t r o n  m i c r o g r a p h s .  
Both f i x a t i o n  p r o c e d u r e s  gave  e q u i v a l e n t  r e s u l t s ;  m ic r o g r a p h s  made 
w i t h  t h e  g l u t a r a l d e h y d e - o s m i u m  t e t r a o x i d e  t e c h n i q u e  were  c hosen  f o r  
p u r p o s e s  o f  i l l u s t r a t i o n  i n  t h i s  r e p o r t .
Phase  I I  ~ W ater  R e s e a rc h  C e n t r e  S t u d i e s
R o t a t i n g  B i o l o g i c a l  C o n t a c t o r  P l a n t s
Two K l a r g e s t e r  B1 Biozone  ( K l a r g e s t e r  E n v i ro n m en ta l  E n g i n e e r ­
in g  L t d . ,  A y le s b u r y ,  E ng land )  RBCs were  o p e r a t e d  in  a p i l o t  s c a l e
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l a b o r a t o r y  a t  t h e  W ater  R e s e a r c h  C e n t r e ,  S t e v e n a g e ,  England .  Each 
Biozone  c o n s i s t e d  o f  4 com par tm en ts  o f  unequal  s i z e ;  com par tm en t  1 = 
105 l i t e r s ,  comp. 2 and 3 = 6 7 . 5  l i t e r s  e a c h ,  and com par tm en t  4 = 70 
l i t e r s .  Small  r e c t a n g u l a r  p o r t s  in  t h e  t o p  o f  each  b a f f l e  c o n n e c t e d  
t h e  com par tm en ts .  Each u n i t  had t w e n t y - t h r e e  0 . 9  m d i a m e t e r  g l a s s  
r e i n f o r c e d  p o l y e s t e r  d i s k s ,  f l u t e d  t o  maximize t h e  s u r f a c e  a r e a  a v a i l ­
a b l e  f o r  b a c t e r i a l  c o l o n i z a t i o n .  Each com par tm en t  had f i v e  d i s k s ,  
e x c e p t  f o r  t h e  f i r s t  com par tm en t  which  had e i g h t .  D isk  s p a c i n g  was
s e t  a t  19 mm in  t h e  f i r s t  t h r e e  com par tm en ts  and 15 mm in  t h e  l a s t
?
com par tm en t .  The t o t a l  s u r f a c e  a r e a  was 35 m . The m e c h a n i c a l l y  
d r i v e n  RBCs had a r o t a t i o n a l  s p eed  o f  0 .0 5  m/s (1 rpm) and 40 p e r c e n t  
d i s k  submergence .  The g row th  was ex p o s ed  t o  b o th  n a t u r a l  and f l u o r e -  
s c e n t  l i g h t  o f  l e s s  t h a n  100 lumens/m f o r  no l o n g e r  t h a n  12 h r / d a y .
The i n f l u e n t  w a s t e w a t e r  c o n s i s t e d  o f  d o m e s t i c  w a s t e w a t e r .
Each morn ing  raw w a s t e w a t e r  from a r e s i d e n t i a l  a r e a  a d j a c e n t  t o  t h e  
l a b o r a t o r y  was drawn o f f  t h e  main d i s c h a r g e  l i n e  and p l a c e d  i n  a 
p r im a r y  c l a r i f i e r .  The g e n e r a l  c h a r a c t e r i s t i c s  o f  t h e  RBC i n f l u e n t  a t  
t h e  W.R.C. a r e  shown i n  T a b l e  16. The f lo w  o f  p r im a r y  i n f l u e n t  i n t o  
t h e  l a b o r a t o r y  was c o n t r o l l e d  by a b a l l  v a l v e .  I n f l u e n t  f lo w e d  i n t o  a 
5 g a l l o n  sump ( u s e d  f o r  a d d i t i o n a l  s e t t l i n g ) .  A f t e r  a s h o r t  r e s i d e n c e  
t i m e  t h e  w a s t e  was pumped t o  t h e  RBCs by two s e p a r a t e  p o s i t i v e  d i s ­
p l a c e m e n t  v a r i a b l e  s p eed  pumps. The submerged  i n l e t  t o  t h e  RBCs added  
w a s t e w a t e r  d i r e c t l y  i n t o  t h e  f i r s t  com par tm en t .  W a s te w a te r  f low ed  
th r o u g h  t h e  u n i t s  v i a  s i m p l e  d i s p l a c e m e n t  and g r a v i t y .  E f f l u e n t  
f low ed  i n t o  t i p p i n g  t r o u g h s  which e m p t ie d  i n t o  a w a s t e  d r a i n .  The 
t i p p i n g  t r o u g h s  m easured  t h e  volume o f  w a s t e w a t e r  which p a s s e d  t h r o u g h  
t h e  sys tem .  PVC p i p e  and p l a s t i c  t u b i n g  were  u sed  f o r  a l l  p lum bing .
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T a b l e  16
G enera l  C h a r a c t e r i s t i c s  o f  t h e  W.R.C. I n f l u e n t
The i n f l u e n t  was a s e t t l e d  d o m e s t i c  sewage .  R e t e n t i o n  t i m e  in  
t h e  p r im a r y  c l a r i f i e r s  v a r i e d  from 3 . 5  t o  12 h.  C l a r i f i e r s  were 
d e s lu d g e d  d a i l y .





T . S . S . 300-350
NH3 as  N 46-67
O rg a n ic  N 20-22
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Both RBCs were  o p e r a t e d  i n i t i a l l y  a t  an o v e r a l l  t o t a l  o r g a n i c
?
l o a d i n g  r a t e  (TOLR) a v e r a g i n g  6 . 0  g TOC/m *d. A h ig h  TOLR was chosen  
t o  l i m i t  t h e  number o f  p r o t o z o a  p r e s e n t ,  a l l o w i n g  t i m e  t o  d e v e lo p  
f a m i l i a r i t y  w i t h  i d e n t i f i c a t i o n  t e c h n i q u e s .  A f t e r  s i m i l a r  e f f l u e n t  
TOC c o n c e n t r a t i o n s  were m e asu re d  on c o n s e c u t i v e  days  and t h e  p r o t o z o a n  
community s t a b i l i z e d ,  t h e  TOLR on t h e  e x p e r i m e n t a l  RBC was lo w e re d  t o
4 . 0  g T0C/m^*d ( a f t e r  30 days  a t  TOLR = 6 . 0  g T0C/m^*d).  At t h i s  
p o i n t ,  e f f l u e n t  TOC c o n c e n t r a t i o n s  were  n o t  u sed  as  a g u id e  t o  p r o -  
t o z o o l o g i c a l  s t a t e  b e c a u s e  t h e y  s t a b i l i z e d  b e f o r e  t h e  p r o t o z o a n  popu­
l a t i o n s .  When t h e  p r o t o z o a n  community s t a b i l i z e d  ( i . e .  s i m i l a r  o r g a ­
nisms were  p r e s e n t  in  s i m i l a r  p e r c e n t a g e s  on c o n s e c u t i v e  d a y s ) ,  t h e
TOLR o f  t h e  e x p e r i m e n t a l  u n i t  was d e c r e a s e d  t o  2 . 0  g TOC/m *d ( a f t e r
2
56 days  a t  TOLR = 4 . 0  g TOC/m - d ) .  A f t e r  t h e  p r o t o z o a n  community
2
o b s e r v e d  a t  2 . 0  g TOC/m -d a p p e a r e d  t o  s t a b l i z e  ( a f t e r  36 days  a t  TOLR
= 2 . 0  g T0C/m^*d) t h e  TOLR was i n c r e a s e d  a b r u p t l y  t o  6 . 0  g T0C/m^*d
and t h i s  l o a d i n g  was m a i n t a i n e d  u n t i l  t h e  end o f  t h e  e x p e r i m e n t  (18
2
days  a t  TOLR = 6 . 0  g TOC/m *d).  The c o n t r o l  u n i t  r e m a in e d  a t  a TOLR 
2
o f  6 . 0  g TOC/m *d t h r o u g h o u t  t h e  e x p e r i m e n t .
M a in ten an ce  P r o c e d u r e s
Normal m a in t e n a n c e  c o n s i s t e d  o f  removing  e x c e s s  g row th  from 
t h e  sump, a l l  o f  t h e  p lu m b in g ,  and t h e  t i p p i n g  t r o u g h s .  B e a r i n g s  on 
t h e  RBCs were  g r e a s e d  m o n th ly .  A p p r o x im a t e ly  3 months i n t o  t h e  e x p e r i ­
ment e x c e s s  s l u d g e  was removed from t h e  bo t tom  o f  t h e  RBC t a n k s .
P h y s i c a l  and Chemical  M o n i t o r i n g
Maximum and minimum a i r  t e m p e r a t u r e s  i n  t h e  p i l o t - s c a l e  l a b o r a ­
t o r y  were  r e c o r d e d  s i x  days  a week.  The t e m p e r a t u r e  o f  t h e  i n f l u e n t  
w a s t e w a t e r  and t h e  RBC mixed l i q u o r  were  a l s o  m easu red .  Flow r a t e  was
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c h ec k ed  by t i p p i n g  t r o u g h  c o u n t s  and a d j u s t e d  a s  needed .  The i n f l u e n t  
and e f f l u e n t  TOCs and t u r b i d i t i e s  were  m e asu re d  c o n c u r r e n t l y .  On each  
day  an RBC's b i o f i l m  was exam in ed ,  t h e  TOCs and t u r b i d i t i e s  o f  t h e  
mixed l i q u o r  o f  a l l  o f  t h e  RBCs com par tm e n ts  were  m easu red .  B e fo re  
t h e  TOLR o f  t h e  e x p e r i m e n t a l  u n i t  was ch a n g e d ,  t h e  i n f l u e n t  and e f ­
f l u e n t  o f  b o th  RBCs was m o n i t o r e d  t o  d e t e r m i n e  t h e  s u s p e n d e d  s o l i d s ,  
BOD^, COD, NH^, NO2 , and NOg c o n c e n t r a t i o n s .
Chemical  Methods
A n a ly s e s  f o r  TOC, BODg, COD, NH^, NO2 and NOg were  c o n d u c t e d  
by t h e  Chemical  A n a l y s i s  S e c t i o n  o f  t h e  W ate r  R e s e a rc h  C e n t r e .  TOC 
sam ples  were  f i l t e r e d  t h r o u g h  Whatman #40 f i l t e r  p a p e r .  The sample 
was homogenized  w i t h  HC1 ( f i n a l  c o n c e n t r a t i o n  0.01%) f o r  3 m i n u te s .  
Samples  were  t h e n  i n j e c t e d  i n t o  a Beckman Model 9 1 5 - B Carbonaceous  
A n a l y z e r .  Carbon s t a n d a r d s  were  p r e p a r e d  from p o t a s s i u m  hydrogen  
p h t h a l a t e  (W ate r  P o l l u t i o n  R e s e a rc h  L a b o r a t o r y ,  1974) .  BOD^ and COD 
a n a l y s e s  were  c o n d u c t e d  a c c o r d i n g  t o  t h e  p r o c e d u r e s  o u t l i n e d  in  
S t a n d a r d  Methods f o r  t h e  A n a l y s i s  o f  W ater  and  W a s te w a te r  (Amer ican  
P u b l i c  H e a l t h  A s s o c i a t i o n ,  1980) .  N i t r o g e n  a n a l y s e s  were  p e r fo rm e d  
u s i n g  a T e c h n ic o n  Auto A n a l y z e r  I I ;  p r o c e d u r e s  f o l l o w e d  were  p r e s c r i ­
bed by t h e  m a n u f a c t u r e r .
T u r b i d i t y  sam ples  were  spun i n  an MSE Minor t a b l e - t o p ^  c e n t r i ­
fu g e  a t  2 rpm f o r  10 min.  The a b s o r b a n c e  o f  t h e  s u p e r n a t a n t  was
2
m e asu re d  by a Uni cam SP600 s p e c t r o p h o t o m e t e r  s e t  a t  a w a v e le n g th  o f  
620 nm. The s p e c t r o p h o t o m e t e r  was z e r o e d  w i t h  d i s t i l l e d  w a t e r .
1 -  MSE L t d . ; C raw ley ,  S u s s e x ,  England .
2 -  Unicam I n s t r u m e n t s  L t d . ; Cam br idge ,  England
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Suspended  s o l i d s  were  d e t e r m i n e d  u s i n g  t h e  p r o c e d u r e  d e v e l o p e d  
by Mosey (1 9 8 2 ) .  Samples  were  f i l t e r e d  t h r o u g h  Whatman GF/C f i l t e r  
p a p e r  which had been t a r e d  a f t e r  b e i n g  p r e d r i e d  in  a microwave oven 
f o r  18 min.  A f t e r  f i l t e r i n g ,  t h e  p a p e r s  were  d r i e d  in  t h e  microwave 
f o r  18 min.  and s u b s e q u e n t l y  w eighed a f t e r  c o o l i n g  i n  a d e s s i c a t o r .
To s p o t - c h e c k  s y s t e m  o p e r a t i o n ,  mixed l i q u o r  oxygen c o n c e n t r a ­
t i o n s  were  m easured  u s i n g  a pHOX model 67 oxygen m e te r  and p ro b e .
E l e c t r o n  M ic roscopy
B i o f i l m  sam p les  o f  a p p r o x i m a t e l y  5 ml were  s c r a p e d  randomly  
from a p e r i p h e r a l  s e c t i o n  o f  t h e  f i r s t  d i s k  in  each  RBC com par tm en t .
Samples  f o r  e l e c t r o n  m i c ro s c o p y  were  t a k e n  from t h e  e x p e r i m e n t a l  u n i t s
2
on t h e  l a s t  day t h e  TOLR was s e t  a t  4 . 0  and 2 . 0  g TOC/m *d. Samples
2
f o r  TOLR 6 . 0  g TOC/m *d were  t a k e n  from t h e  c o n t r o l  u n i t  s i m u l t a n e o u s l y  
w i t h  t h e  TOLR 2 . 0  g T0C/m^*d s am p les .
All  b i o f i l m  s p ec im en s  were  p r e p a r e d  f o r  e l e c t r o n  m i c ro s c o p y  by 
t h e  t h i n  s e c t i o n i n g  t e c h n i q u e .  The g l u t e r a l d e h y d e ,  osmium t e t r o x i d e  
f i x a t i o n  p r o c e d u r e  o u t l i n e d  by Eighmy e t  a l . (1983 )  was m o d i f i e d  f o r  
t h e  b i o f i l m  s a m p le s .  The s pec im ens  were  p r e f i x e d  f o r  2 a t  room t e m p e r a ­
t u r e  i n  a c o m b in a t i o n  o f  2 . 5  % g l u t e r a l d e h y d e  and 0.1 M sodium cac o d y l  a t e  
b u f f e r  (pH = 7 . 5 ) .  S p e c i a l  c a r e  was t a k e n  t o  i n s u r e  t h a t  t h e  b i o f i l m  
and t h e  p r e f i x a t i o n  s o l u t i o n s  were  w e l l  mixed.  F o l lo w in g  p r e f i x a t i o n  
t h e  spec im ens  were c o n c e n t r a t e d  and washed by c e n t r i f u g a t i o n  in  0.1 M 
sodium c a c o d y l  a t e  b u f f e r .  The p e l l e t  was r e s u s p e n d e d  i n  a p p r o x i m a t e l y  
2 ml o f  2 % m o l te n  p u r i f i e d  a g a r  a t  45° C. The a g a r - s p e c i m e n  m i x t u r e  
was t r a n s f e r r e d  t o  a p e t r i  d i s h  and a l l o w e d  t o  s o l i d i f y ,  and  t h e n  c u t  
i n t o  sm al l  b l o c k s  ( l e s s  t h a n  1 mm on a s i d e )  w i t h  a r a z o r  b l a d e .  The
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b l o c k s  were  t h e n  p o s t f i x e d  o v e r n i g h t  a t  room t e m p e r a t u r e  i n  a s o l u t i o n  
c o n t a i n i n g  1 % OsO^ and 0 .1  M sodium c a c o d y l a t e  b u f f e r .
Samples  were  t h e n  d e h y d r a t e d  t h r o u g h  a g r a d e d  s e r i e s  o f  e t h a n o l  
and embedded i n  S p u r r ' s  l o w - v i s c o s i t y  epoxy r e s i n  ( S p u r r ,  1969) .  To 
i n s u r e  a d e q u a t e  i n f i l t r a t i o n  o f  r e s i n  i n t o  t h e  c e l l s ,  embedding p r o c e ­
d u r e s  were  e x t e n d e d  ( T a b l e  17) .  Thin  s e c t i o n s  were  c u t ,  p o s t s t a i n e d ,  
and v ie wed  in  a manner  s i m i l a r  t o  t h e  i n i t i a l  RBC b i o f i l m  samples  
( P h a s e  I ) .
L i g h t  M ic roscopy
The p r o t o z o a  in  t h e  RBC b i o f i l m s  were  m o n i to r e d  on a d a i l y  
b a s i s  from t h e  s t a r t  o f  t h e  e x p e r i m e n t .  The w eek ly  sample s c h e d u l e  
i n c l u d e d  e x a m i n a t i o n  o f  b i o f i l m  from t h e  f i r s t  d i s k  i n  each  c o m p a r t ­
ment o f  t h e  RBCs and o f  t h e  mixed l i q u o r  sam p les  from t h e  f i r s t  and
f o u r t h  com par tm en ts  o f  t h e  e x p e r i m e n t a l  u n i t  ( T a b l e  18) .
2
A 36 cm b i o f i l m  sample  was s c r a p e d  o f f  t h e  o u t e r m o s t  p a r t  o f  
a s i n g l e  vane on a d i s k .  As each  d i s k  c o n s i s t e d  o f  36 v a n e s ,  d a i l y  
sam p les  were  t a k e n  on c o n s e c u t i v e  vanes  t o  a v o i d  o v e r s a m p l i n g .  The 
sample  was p l a c e d  d i r e c t l y  i n t o  a 20 ml g r a d u a t e d  c y l i n d e r  t o  which 5 
ml o f  d i s t i l l e d  w a t e r  was t h e n  added .  A f t e r  m i x in g ,  t h e  volume d i s ­
p l a c e d  by t h e  f i l m  was m e asu re d .  The sample was p l a c e  in  a p e t r i  d i s h  
and mixed by w ork ing  i t  up and down in  a s e r i e s  o f  P a s t e u r  p i p e t t e s  o f  
p r o g r e s s i v e l y  s m a l l e r  t i p  d i a m e t e r .
Mixed l i q u o r  s am p les  were  removed in  50 ml a l i q u o t s  and c e n t r i ­
fu g ed  f o r  10 min.  a t  2 rpm i n  t h e  Unicam c e n t r i f u g e .  The p e l l e t  was 
p l a c e d  i n  a 20 ml g r a d u a t e d  c y l i n d e r  and mixed w i t h  5 ml o f  d i s t i l l e d  
w a t e r .  The volume d i s p l a c e d  was r e c o r d e d .  The sample  was p u t  in  a 
p e t r i  d i s h  and s t i r r e d .
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Table 17
I n f i l t r a t i o n  and Embedding P r o c e d u r e s  Used
I .  E thano l  D e h y d ra t i o n  P r o c e d u r e s  








I I .  I n f i l t r a t i o n  P r o c e d u r e s






6 100 3 -4
7 100 12-16
8 100 3 -4
9 100 ( i n  embedding 3 -4
molds)
I I I .  Embedding P ro c e d u re
P o ly m e r i z e  in  70°  C oven f o r  48 h.
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Table 18
Weekly S am pl ing  S c h e d u le  f o r  RBCs 
Week Day B i o l o g i c a l  Sample Examined Compartments
1 C o n t ro l  U n i t  B i o f i l m s 1-4
2 E x p e r i m e n t a l  U n i t  B i o f i l m s 1-4
3 C o n t ro l  U n i t  B i o f i l m s 1 -4
4 E x p e r i m e n t a l  U n i t  B i o f i l m s 1 -4
5 C o n t r o l  U n i t  B i o f i l m s 1 -4
6 E x p e r i m e n t a l  U n i t  Mixed L iq u o r  F loes 1 and
1 E x p e r i m e n t a l  U n i t  B i o f i l m s 1 -4
2 C o n t ro l  U n i t  B i o f i l m s 1-4
3 E x p e r i m e n t a l  U n i t  B i o f i l m s 1-4
4 C o n t ro l  U n i t  B i o f i l m s 1-4
5 E x p e r i m e n t a l  U n i t  B i o f i l m s 1 -4
6 E x p e r i m e n t a l  U n i t  Mixed L iq u o r  F loes 1 and
The c y c l e  i s  r e p r e a t e d  a f t e r  t h e  end o f  t h e  second  week.
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Both b i o f i l m  and mixed l i q u o r  sam p les  were  examined  i n  a 
s i m i l a r  manner.  A 20 pi  a l i q u o t  o f  t h e  sample  was p l a c e d  on a g l a s s  
s l i d e  c o n t a i n i n g  12 d o t s  ( F i g u r e  12 ) .  The sample  was e v e n l y  d i s t r i ­
b u t e d  o v e r  t h e  a r e a  o f  t h e  s l i d e  which would be c o v e r e d  by a c o v e r -  
s l i p ;  a g l a s s  c o v e r s l i p  was t h e n  p l a c e d  o v e r  t h e  sam ple .  A V i c k e r s  
Model Ml5 p h a s e  c o n t r a s t  m ic ro sco p e^  was u sed  t o  exam ine t h e  s l i d e s .  . 
The s co p e  was s e t  up w i t h  10 x e y e p i e c e s ,  a 20 x p h a s e  o b j e c t i v e  and a 
number 2 p h a s e  r i n g .  The m i c r o s c o p e  f i e l d  a d j a c e n t  t o  eac h  d o t  on a 
s l i d e  was examined .  All  c i l i a t e s ,  l a r g e  amoebae (>40 pm)metazoa 
p r e s e n t  a t  one t i m e  were  c o u n t e d .  C i l i a t e s  were  i d e n t i f i e d  t o  genus  
and s p e c i e s  where p o s s i b l e .  The c h a r a c t e r  o f  t h e  b i o f i l m  was a l s o  
n o t e d .  T h re e  s l i d e s  o f  eac h  sample  were examined.  A n o th e r  s l i d e  was 
a l s o  s c a n n e d  ( a t  l e a s t  5 c o m p le te  h o r i z o n t a l  p a s s e s )  and t h e  p e r c e n t a g e  
o f  c i l i a t e s  n o t e d .  Sample e x a m i n a t i o n s  were  c o m p le t e d  w i t h i n  1-2 
h o u rs  a f t e r  t h e  b i o f i l m  was removed from t h e  RBC. P h o to m i c r o g r a p h s
were  made u s i n g  Kodak Pana tomic-X  (ASA 32)  f i l m .  Manuals  usec* f ° r  
i d e n t i f i c a t i o n  i n c l u d e d  Kudo ( 1 9 6 5 ) ,  Curds (1 9 6 9 ,  19 8 2 b ) ,  P o n t i n
(1978 )  Calaway and Lackey ( 1 9 6 2 ) ,  M a r t i n  ( 1 9 6 8 ) ,  B ick  ( 1 9 7 2 ) ,  Page
(1976 )  and Kahl (1930 ,  1931,  1932,  1935).
Phase  I I I  -  D isk  B i o f i l m  V a r i a b i l i t y  S t u d i e s
To d e t e r m i n e  t h e  d i f f e r e n c e  ( i f  any)  be tw een  t h e  com m un i t ie s  
o f  p r o t o z o a  i n h a b i t i n g  v a r i o u s  p o s i t i o n s  r a d i a l l y  and p e r i p h e r a l l y  on 
a s i n g l e  d i s k  s u r f a c e ,  a s t u d y  o f  a l o c a l  RBC ( U n i t e d  S t a t e s )  w a s t e ­
w a t e r  t r e a t m e n t  p l a n t  was u n d e r t a k e n .
1 -  V i c k e r s  I n s t r u m e n t s ,  L td ;  York,  England .
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2 _  LIQUID LEVEL
D IS K  SUR FACE 
(END VIEW)
SAMPLING S IT E S
F i g u r e  13.  Disk V a r i a b i l i t y  S tudy Schem at ic
88
Yankee Greyhound Rac ing  I n c o r p o r a t e d  o f  S e a b ro o k ,  New Hamp­
s h i r e  has  o p e r a t e d  a f u l l  s c a l e  A u t o t r o l  RBC u n i t  s i n c e  A p r i l  1978.
As d e s i g n e d  by B a y s id e  E n g i n e e r i n g  A s s o c i a t e s  ( B o s t o n ,  M ass ) ,  t h e  RBC 
p r o v i d e s  a m a jo r  p a r t  o f  t h e  r a c e t r a c k ' s  t r e a t m e n t  f a c i l i t y .  Waste ­
w a t e r  from t h e  c l u b h o u s e  r e s t a u r a n t ,  b a r ,  and r e s t r o o m s  f l o w s „ t o  ah 
a e r a t e d  f lo w  e q u a l i z a t i o n  chamber  and th e n  i n t o  t h e  RBC. The c o n t a c ­
t o r  c o n s i s t s  o f  one s h a f t  o f  12 f t .  ( 3 . 7  m) d i a m e t e r  d i s k  media and
t h r e e  co m p ar tm e n ts .  W a s te w a te r  f low s  p a r a l l e l  t o  t h e  s h a f t .  The
2 2f i r s t  com par tm en t  c o n t a i n s  3 8 ,713  f t  (3595 m ) o f  molded p o l y e t h y l e n e
2 2d i s k  media .  The second  com par tm en t  c o n t a i n s  17 ,319  f t  (1509  m ) o f
2 2media .  High d e n s i t y  media  p r o v i d e s  2 5 ,9 7 6  f t  (2413 m ) o f  s u r f a c e  in  
t h e  l a s t  com par tment .  The d i s k  media  i s  40 p e r c e n t  submerged  in  t h e  
w a s t e w a t e r ;  r o t a t i o n a l  s p e e d  i s  m a i n t a i n e d  a t  1 .6  rpm by a m e chan ic a l  
d r i v e .  S o l i d  b a f f l e s  w i t h  a 6 i n .  ( 1 5 . 2  cm) p o r t  a t  t h e  bo t tom  s e p a r a t e  
t h e  c om par tm e n ts .  RBC e f f l u e n t  f lo w s  i n t o  a s e c o n d a r y  c l a r i f i e r ,  i s  
c h l o r i n a t e d ,  and th e n  f lo w s  t o  a l e a c h  f i e l d .
The i n f l u e n t  a v e r a g e s  a p p r o x i m a t e l y  600 mg B O D ^ / l i t e r ;  t h e
3
f low  r a t e  i s  15 ,000  gpd (57  m / d ) .  E f f l u e n t  BOD^ a v e r a g e s  a p p r o x i ­
m a te ly  15 m g / l i t e r  ( a f t e r  s e c o n d a r y  c l a r i f i c a t i o n ) .  The RBC p ro d u c e s
3
a p p r o x i m a t e l y  133 gpd ( 0 . 5  m / d )  o f  s l u d g e .  T e m p e r a t u r e  i n  t h e  b u i l d ­
in g  h o u s in g  t h e  RBC u s u a l l y  r em a in s  above 13° C; l i g h t  l e v e l s  a r e  v e ry  
low.
?
Samples were t a k e n  on two day s .  A 36 cm a r e a  o f  b i o f i l m  was 
s c r a p e d  from f i v e  d i f f e r e n t  p o s i t i o n s  on t h e  s u r f a c e  o f  t h e  f i r s t  d i s k  
in  t h e  f i r s t  com par tment  o f  t h e  S eab rook  RBC on day one.  On day 2 t e n  
d i f f e r e n t  p o s i t i o n s  were sampled  ( F i g u r e  13) .  Care was t a k e n  n o t  t o  
t a k e  b i o f i l m  from t h e  u n w e t t e d  a r e a  o f  t h e  d i s k  n e a r  t h e  s h a f t .
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Samples were t r a n s p o r t e d  a t  4° C t o  t h e  l a b o r a t o r y  and p r o ­
c e s s e d  in  a manner s i m i l a r  t o  t h o s e  t a k e n  a t  t h e  Water  R e s e a rc h  C e n t r e .  
The numbers and t y p e s  o f  p r o t o z o a  on each  o f  t h r e e  s l i d e s  p e r  sample 
were  en u m e ra te d  by a d i f f e r e n t  t e c h n i q u e .  Using  an Olympus BHA phase  
c o n t r a s t  m ic ro s c o p e  ( a t  200 x m a g n i f i c a t i o n ) ,  t h e  a r e a  on t h e  s l i d e  
d i r e c t l y  above  each  o f  t h r e e  s c r i b e d  l i n e s  and e x a c t l y  one f i e l d  w id th  
in  d i a m e t e r  was scan n ed  ( F i g u r e  14) .  The numbers and t y p e s  o f  p r o t o z o a  
on t h e  t h r e e  e q u i d i s t a n t  s c a n s  were  q u a n t i f i e d  s e p a r a t e l y .  Samples 
were  h e l d  a t  4°  C f o r  a maximum o f  e i g h t  h o u r s  b e f o r e  e x a m i n a t i o n .  
P h o to m ic ro g ra p h s  were t a k e n  u s i n g  Kodak Panatomic-X  (ASA 32) f i l m .
Phase IV -  RBC W a s te w a te r  T r e a t m e n t  P l a n t  S t u d i e s
A m a jo r  q u e s t i o n  r e m a in e d  unansw ered  a f t e r  t h e  p i l o t - p l a n t  r e ­
s e a r c h  was co m p le te d :  do p i l o t - s c a l e  and f u l l - s c a l e  o p e r a t i o n a l  RBCs
have b i o f i l m s  o f  s i m i l a r  c o m p o s i t i o n ?  To e v a l u a t e  t h i s ,  f i v e  RBC 
p l a n t s  o p e r a t i n g  in  New England  were  exam ined .
E xpe r im en t  1
The E l l s w o r t h ,  Maine RBC was t h e  f i r s t  t o  be m o n i t o r e d .  I t  
was examined  a t  a p p r o x i m a t e l y  two day i n t e r v a l s  f o r  one week.  Subse ­
q u e n t  e x a m i n a t i o n s  were  made one week and t h e n  f i v e  weeks l a t e r .
These s t u d i e s  were  c o n d u c t e d  t o  a s s e s s  t h e  amount o f  change  which 
o c c u r r e d  w i t h i n  t h e  b i o f i l m  d u r i n g  normal " s t e a d y  s t a t e "  o p e r a t i n g  
c o n d i t i o n s .  A sample was t a k e n  from t h e  p e r i p h e r y  o f  an ex p o s ed  d i s k  
f a c e  i n  each  com par tment  and a n a l y z e d  as  s p e c i f i e d  i n  b o th  t h e  W.R.C. 
and t h e  S ea b ro o k ,  N.H. s t u d i e s .  Samples were  examined im m e d ia te ly .
S C A N  S L ID E
F i g u r e  14.
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The E l l s w o r t h  w a s t e w a t e r  t r e a t m e n t  f a c i l i t y ,  d e s i g n e d  by 
W r ig h t ,  P i e r c e ,  B a r n e s ,  and Wyman (Topsham, M a in e ) ,  began  o p e r a t i o n  in  
August  1978. The w a s t e w a t e r  i s  t r a n s p o r t e d ,  v i a  s c rew  pumps, t o  a 
g r i t  chamber and r o t a t i n g  s c r e e n s .  A f t e r  p r e t r e a t m e n t  i t  i s  p i p e d  t o  
t h e  RBCs. S e c o n d a ry  c l a r i f i c a t i o n  and c h l o r i n a t i o n  a r e  e f f e c t e d  
b e f o r e  t h e  e f f l u e n t  i s  d i s c h a r g e d  t o  t h e  Union R i v e r .  S lu d g e  i s  
p e r i o d i c a l l y  pumped t o  a s e r i e s  o f  two a n a e r o b i c  d i g e s t e r s .  D i g e s t e r  
s u p e r n a t a n t  i s  r e c y c l e d  t o  t h e  main c h a n n e l  j u s t  p r i o r  t o  t h e  RBCs. 
S t a b i l i z e d  d i g e s t e r  s l u d g e  i s  d e w a te r e d  and removed t o  a l a n d f i l l .
F iv e  s h a f t s  o f  E n v i r o d i s c  Corp.  (B eac on ,  N .Y .)  d i s k  media  a r e  
l o c a t e d  i n  one bay a t  t h e  E l l s w o r t h  p l a n t .  (A bay i s  a c o n c r e t e  t a n k  
which c o n t a i n s  one s e t  o f  s h a f t s .  Each bay may be o p e r a t e d  s e p a r a t e l y ) .  
The E l l s w o r t h  bay i s  d i v i d e d  i n t o  f o u r  com par tm e n ts  by wooden b a f f l e s  
p l a c e d  t o  w i t h i n  s i x  i n c h e s  (15  cm) o f  t h e  t a n k  f l o o r .  The f i r s t  
com par tment  c o n t a i n s  two s h a f t s ,  w h e reas  t h e  s u b s e q u e n t  com par tm en ts  
c o n t a i n  o n ly  one.  Each 12 f t  ( 3 . 7  m) d i a m e t e r  s h a f t  c o n s i s t s  o f  756 
s h e e t s  o f  c o r r u g a t e d  p o l y e t h y l e n e  media .  The w e d g e - s h a p e d  p i e c e s  a r e  
h e l d  i n  p l a c e  by a m e ta l  framework.  The s u r f a c e  a r e a  p e r  s h a f t  i s
100,000 f t 3 (9290 m3 ) and t h e  submergence  l e v e l  i s  40 p e r c e n t .  The 
w a s t e w a t e r  f lo w s  p e r p e n d i c u l a r  t o  t h e  s h a f t s .  The RBCs a r e  r o t a t e d  a t  
a s p e e d  o f  1 .5  rpm by a m e c h a n ic a l  d r i v e .  A i r  t e m p e r a t u r e  i s  u s u a l l y  
m a i n t a i n e d  above  18° C.
The i n f l u e n t  w a s t e w a t e r ,  0 . 3  t o  0 . 4  MGD, (1135 t o  1514 m3/ d ) ,  
c o n t a i n s  o n ly  d o m e s t i c  w a s t e w a t e r .  I n f l u e n t  BOD^ and t o t a l  s u sp e n d e d  
s o l i d s  c o n c e n t r a t i o n s  a v e r a g e  300 and 150 m g / l i t e r s ,  r e s p e c t i v e l y .  
E f f l u e n t  BODg and t o t a l  su sp e n d e d  s o l i d s  a r e  a p p r o x i m a t e l y  23 and 14
3
m g / l i t e r ,  r e s p e c t i v e l y .  Each day 4 , 0 0 0  g a l l o n s  (15 m ) o f  a n a e r o b i c
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d i g e s t e r  s u p e r n a t a n t ,  w i t h  an a v e r a g e  BOD^ o f  3 ,5 0 0  m g / l i t e r ,  a r e  
r e c y c l e d  t h r o u g h  t h e  RBCs.
T h ro u g h o u t  t h e  p a s t  y e a r  t h e  RBC in  t h e  E l l s w o r t h  t r e a t m e n t  
p l a n t  have been p l a g u e d  by p ro b le m s .  The meta l  s t r u c t u r e  s u p p o r t i n g  
t h e  i n d i v i d u a l  s h e e t s  o f  p l a s t i c  media  has  b ro k e n  and b o l t s  have been 
s h e a r e d  o f f .  These  p ro b le m s  were  e s p e c i a l l y  a c u t e  d u r i n g  t h e  months 
o f  A ugus t  and S ep te m ber  1982 and have r e s u l t e d  i n  a d e c i s i o n  t o  r e p l a c e  
t h e  e n t i r e  s t r u c t u r a l  f ram ew ork  o f  t h e  RBCs.
E x p e r im e n t  2
B i o f i l m s  from f o u r  o p e r a t i n g  RBC t r e a t m e n t  p l a n t s  (Old  Town, 
W i l t o n ,  and L i n c o l n ,  Maine;  and P l a i n v i l l e ,  C o n n e c t i c u t )  were  examined  
t o  d e t e r m i n e  t h e  t y p e s  and q u a n t i t i e s  o f  p r o t o z o a  p r e s e n t .  Samples 
were  c o l l e c t e d  from each  co m p a r tm e n t ,  v o l u m e t r i c  d i s p l a c e m e n t  r e c o r d e d ,  
and t h r e e  s l i d e s  o f  eac h  s c a n n e d  in  t h e  same manner as  d e s c r i b e d  f o r  
t h e  E l l s w o r t h ,  Maine s t u d y .  At t h e  P l a i n v i l l e ,  C o n n e c t i c u t  RBC p l a n t  
b i o f i l m  was sam pled  from b o t h  o f  t h e  ex p o s ed  f a c e s  o f  t h e  l a s t  c o m p a r t ­
ments  o f  e ac h  o f  t h e  t h r e e  b a y s .  For  c o m p a r a t i v e  p u r p o s e s ,  c o u n t s  
( u s i n g  t h e  d o t  method)  were  made on sam ples  from t h e  l a s t  com par tm en ts  
o f  some o f  t h e  p l a n t s .  The methods  employed f o r  e x a m i n a t i o n  were  
s i m i l a r  t o  t h o s e  d e s c r i b e d  f o r  t h e  E l l s w o r t h ,  Maine s t u d y .  The m a j o r i t y  
o f  sam ples  were  examined im m e d i a t e l y  a f t e r  c o l l e c t i o n .  Those  examined 
l a t e r  were  h e l d  a t  4°  C f o r  no more t h a n  e i g h t  h o u r s .
Old Town, M a ine . The Old Town, Maine w a s t e w a t e r  t r e a t m e n t  
f a c i l i t y ,  s t a r t e d  i n  J u n e  1978 ,  was d e s i g n e d  by t h e  James W. Sewall  
Company (O ld  Town, M aine) .  Sewage from t h e  community i s  t r a n s p o r t e d  
by sc rew  pumps t o  a g r i t  chamber  and t h r o u g h  a com minutor .  From t h e r e  
i t  f lo w s  d i r e c t l y  i n t o  t h e  RBCs. A f t e r  s e c o n d a r y  c l a r i f i c a t i o n  and
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c h l o r i n a t i o n  t h e  e f f l u e n t  i s  d i s c h a r g e d  i n t o  t h e  P e n o b s c o t  R iv e r .
S ludge  i s  d e w a te r e d  and com pos ted .
The RBCs a r e  made from t h e  o r i g i n a l  A u t o t r o l  d e s i g n .  Each 
d i s k  c o n s i s t s  o f  a s o l i d  p i e c e  o f  molded p o l y e t h y l e n e ,  12 f t .  ( 3 . 7  m) 
in  d i a m e t e r .  T he re  a r e  two s e p a r a t e  b a y s ,  e ac h  c o n t a i n i n g  5 m e ch an i ­
c a l l y  d r i v e n  s h a f t s  o f  d i s k  media .  The f lo w  o f  w a s t e w a t e r  i s  p e r ­
p e n d i c u l a r  t o  t h e  s h a f t s .  Compar tments  i n  eac h  bay a r e  formed by 
wooden b a f f l e s  which  come t o  w i t h i n  6 i n c h e s  (15 cm) o f  t h e  t a n k
f l o o r .  The f i r s t  and s e c o n d  c om par tm e n ts  each  c o n t a i n  two s h a f t s ,  t h e
2
t h i r d  com par tm en t  c o n t a i n s  o n l y  one.  Each s h a f t  has  100 ,000  f t  (9290 
o
m ) o f  s u r f a c e  a r e a ,  o f  which 40 p e r c e n t  i s  submerged .  The r o t a t i o n a l  
s p e e d  i s  m a i n t a i n e d  a t  1 rpm. A i r  t e m p e r a t u r e  w i t h i n  t h e  RBC b u i l d i n g  
i s  r a r e l y  l e s s  t h a n  13° C.
3
The 3 50 ,000  gpd (1325  m / d )  o f  i n f l u e n t  w a s t e w a t e r  o r i g i n a t e s  
s o l e l y  from d o m e s t i c  s o u r c e s .  The a v e r a g e  i n f l u e n t  BOD^ and t o t a l  
su sp e n d ed  s o l i d s  c o n c e n t r a t i o n s  a r e  175 and 119 m g / l i t e r ,  r e s p e c ­
t i v e l y .  E f f l u e n t  w a s t e w a t e r  a v e r a g e s  24 mg BOD^/l and 20 mg T S S / l i t e r .  
No RBC f a i l u r e s  have o c c u r r e d  s i n c e  s t a r t - u p  in  1978.
W i l t o n ,  M a ine . D e s ig n e d  by W r i g h t ,  P i e r c e ,  B arnes  and Wyman 
(Topsham, M a in e ) ,  t h e  W i l to n  t r e a t m e n t  p l a n t  began  o p e r a t i o n  in  Ju n e  
1978. Screw pumps d e l i v e r  t h e  i n f l u e n t  w a s t e w a t e r  t o  a  g r i t  chamber .  
The w a s t e  t h e n  f lo w s  t h r o u g h  a comminutor  and r o t a t i n g  s c r e e n s .  
Seco n d a ry  t r e a t m e n t  i s  a c c o m p l i s h e d  by RBCs and a s e c o n d a r y  c l a r i f i e r .  
C h l o r i n a t i o n  i s  s e a s o n a l  ( A p r i l - O c t o b e r ) .  E f f l u e n t  i s  d i s c h a r g e d  t o  a 
l o c a l  s t r e a m .  S lu d g e  i s  t r e a t e d  by a n a e r o b i c  d i g e s t i o n ,  d e w a te r e d  and 
s p r e a d  on farm la n d .  D i g e s t e r  s u p e r n a t a n t  i s  r e c y c l e d  b ack  t o  t h e
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headworks  f o r  1 min.  e v e r y  20 min.  To p r e v e n t  o v e r l o a d i n g ,  50 p e r c e n t
o f  t h e  u n c h l o r i n a t e d  e f f l u e n t  i s  r e c y c l e d  th r o u g h  t h e  RBCs.
The A u t o t r o l  RBCs a r e  s e t  up i n  two b ay s .  Each bay c o n t a i n s  a
s h a f t  o f  12 f t  ( 3 . 7  m) d i a m e t e r  molded p o l y e t h y l e n e .  The media  i s
d i v i d e d  i n t o  two s e c t i o n s .  A c o n c r e t e  b a f f l e ,  w i t h  a c e n t r a l l y  l o c a t e d
1 f t  ( 0 . 3  m) d i a m e t e r  p o r t ,  d i v i d e s  each  t a n k  i n t o  two c o m p a r tm e n t s ,
2 2one f o r  each  3 8 ,000  f t  (3530 m ) s e c t i o n  o f  media .  Flow i s  p a r a l l e l  
t o  t h e  s h a f t s .  The media i s  40 p e r c e n t  submerged  in  t h e  w a s t e w a t e r ;  
a i r  t e m p e r a t u r e s  a r e  n o r m a l ly  g r e a t e r  t h a n  13° C. The m e c h a n i c a l l y  
d r i v e n  u n i t s  a r e  r o t a t e d  a t  a s p eed  o f  a p p r o x i m a t e l y  one rpm.
The i n f l u e n t  w a s t e w a t e r  i s  a m i x t u r e  o f  d o m e s t i c  sewage,  
a n a e r o b i c  d i g e s t e r  s u p e r n a t a n t ,  and r e c y c l e d  RBC e f f l u e n t .  A p p ro x i -
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m a t e l y  20 0 ,0 0 0  g a l l o n s  (757 m ) o f  f r e s h  w a s t e w a t e r  i s  t r e a t e d  d a i l y .
3
S u p e r n a t a n t  f lo w  i s  5 ,0 0 0  gpd (19  m / d ) .  Average i n f l u e n t  BOD^ and 
t o t a l  su sp e n d ed  s o l i d s  a r e  300 and 250 m g / l i t e r ,  r e s p e c t i v e l y .  The 
e f f l u e n t  u s u a l l y  c o n t a i n s  25 mg B O D g / l i t e r  and 10 mg T S S / l i t e r .
No f a i l u r e s  o f  RBC d i s k  media  o r  s h a f t s  have o c c u r r e d  s i n c e  
s t a r t - u p .
P l a i n v i l l e ,  C o n n e c t i c u t . M o d i f i c a t i o n s  t o  t h e  o r i g i n a l  sewage 
t r e a t m e n t  f a c i l i t y  a t  P l a i n v i l l e  were  made t o  meet  new d i s c h a r g e  
s t a n d a r d s .  In  May 1979 t h e  r e v i t a l i z e d  p l a n t ,  d e s i g n e d  by Minges 
A s s o c i a t e s  (Avon, C o n n . ) ,  was s t a r t e d .  W a s te w a te r  i s  b r o u g h t  i n t o  t h e  
p l a n t  by sc rew  pumps and p r e t r e a t e d  by b a r  s c r e e n s ,  a g r i t  cham ber ,  
and a p r im a r y  c l a r i f i e r .  S econda ry  t r e a t m e n t  c o n s i s t s  o f  RBCs and 
c l a r i f i e r s .  Po lymer i s  added  t o  enhance  f l o c c u l a t i o n  and s e t t l i n g .  
E f f l u e n t  i s  t h e n  t r e a t e d  by a s e r i e s  o f  m u l t i - m e d i a  f i l t e r s  and p o s t ­
a e r a t i o n  t a n k s .  E f f l u e n t  i s  d i s c h a r g e d  t o  a n e a rb y  r i v e r ,  w i t h  c h l o r i ­
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n a t i o n  r e q u i r e d  s e a s o n a l l y  ( A p r i l - O c t o b e r ) .  S ludge  i s  t r e a t e d  in  
a n a e r o b i c  d i g e s t e r s .  S o l i d s  a r e  s p r e a d  on s l u d g e  d r y i n g  beds  and th e n  
p u t  in  a l a n d f i l l .  S u p e r n a t a n t  i s  pumped t o  t h e  head o f  t h e  p l a n t  f o r  
1 - 1 / 2  h each  day ,  o r  t o  t h e  a e r o b i c  d i g e s t e r s .
The RBC f a c i l i t y  ( E v i r o d i s c  I n c . ,  Beacon,  N .Y .)  c o n s i s t s  o f  
f o u r  b a y s ,  each  c o n t a i n i n g  s i x  s h a f t s  o f  d i s k  media .  W i th in  a bay ,  
each  10 f t  ( 3 . 0  m) d i a m e t e r  u n i t  i s  i n  a s e p a r a t e  com par tment .
B a f f l e s ,  which come w i t h i n  6 in  (15 cm )of  t h e  t a n k  f l o o r ,  s e p a r a t e  t h e  
com par tm en ts .  W a s te w a te r  f lo w  i s  p e r p e n d i c u l a r  t o  t h e  s h a f t s  which 
a r e  40 p e r c e n t  submerged .  S h e e t s  o f  c o r r u g a t e d  p o l y e t h y l e n e  a r e  h e l d  
t o g e t h e r  w i t h  me ta l  s t r u t s .  S u r f a c e  a r e a  i n  t h e  f i r s t  t h r e e  c o m p a r t ­
ments i s  100 ,000  f t ^ ,  and 150 ,000  f t ^  ( 1 3 ,9 3 5  m^) in  t h e  tl a t t e r  c o m p a r t ­
men ts .  The r o t a t i o n a l  s p e e d  o f  t h e  m e c h a n ic a l  d r i v e  u n i t s  i s  1 rpm 
(co m p a r tm e n ts  1 and 2)  and 1 .4 2  rpm (co m p a r tm e n t s  3 t h r o u g h  6 ) .  The 
a v e r a g e  t e m p e r a t u r e  in  t h e  RBC b u i l d i n g  i s  n o t  l e s s  t h a n  13° C.
The i n f l u e n t  sewage i s  99 p e r c e n t  d o m e s t i c  and 1 p e r c e n t  
i n d u s t r i a l  w a s t e w a t e r .  The i n f l u e n t  f low  v a r i e s  from 1 .3  t o  1 .9  MGD
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(4900 t o  7200 m / d ) ,  t h e  h i g h e s t  f low s  b e i n g  r e c o r d e d  in  t h e  w i n t e r .  
D i g e s t e r  s u p e r n a t a n t  a c c o u n t s  f o r  an a d d i t i o n a l  5 ,0 0 0  t o  8 ,0 0 0  gpd (23 
t o  30 m^/d) o f  t h e  i n f l u e n t  f low .  The RBC i n f l u e n t  has  a BOD^ o f  121 
m g / l i t e r ;  e f f l u e n t  BOD^ a v e r a g e s  10 m g / l i t e r .
Rad ia l  arm f a i l u r e s  have o c c u r r e d  r e c e n t l y .  These d e f e c t s  a r e  
s i m i l i a r  t o  t h o s e  e x p e r i e n c e d  a t  t h e  E l l s w o r t h ,  Maine t r e a t m e n t  p l a n t .
L i n c o l n ,  M aine . The L i n c o ln  S a n i t a r y  D i s t r i c t  w a s t e w a t e r  
t r e a t m e n t  f a c i l i t y  was s t a r t e d  i n  A p r i l  1982.  D es igned  by A nderson-  
N ic h o l s  Company (B a n g o r ,  M a in e ) ,  t h e  p l a n t  i s  s i m i l a r  t o  t h e  o t h e r  
p l a n t s  d e s c r i b e d  above .  Raw sewage f low s  i n t o  a g r i t  chamber  and th e n
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p a s s e s  t h r o u g h  a com minutor .  S o l i d s  a r e  removed by h y d r a s i e v e s .  RBCs 
and c l a r i f i e r s  a c c o m p l i s h  s e c o n d a r y  t r e a t m e n t .  C h l o r i n a t e d  e f f l u e n t  
i s  d i s c h a r g e d  i n t o  t h e  P e n o b s c o t  R iv e r .  G r a v i t y  t h i c k e n e d  s l u d g e  i s  
d e w a te r e d  on f i l t e r  p r e s s e s  and t h e  cake  i s  s p r e a d  on n e a rb y  farm 
l a n d .  F i l t r a t e  i s  r e c y c l e d  t o  t h e  head o f  t h e  p l a n t .
The 12 f t  ( 3 . 7  m) d i a m e t e r ,  a i r  d r i v e n ,  A u t o t r o l  RBCs a r e
p o s i t i o n e d  p e r p e n d i c u l a r  t o  t h e  f lo w  i n  two s e p a r a t e  b a y s .  Each bay
c o n s i s t s  o f  two c o n c r e t e  t a n k s .  In  t h e  f i r s t  t a n k  i n  t h e  bay ,  one
s h a f t  o f  molded p o l y e t h y l e n e  media  w i t h  a i r  cups  r o t a t e s  a t  a s p e e d  o f
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1 .3  rpm. The t o t a l  s u r f a c e  a r e a  a v a i l a b l e  f o r  g row th  i s  100 ,000  f t  
2
(9290 m ) .  In t h e  s econd  t a n k  t h e  s h a f t  has two s e c t i o n s  o f  h ig h  
d e n s i t y  media .  Each s e c t i o n  i s  i n  a s e p a r a t e  co m p a r tm e n t ,  d i v i d e d  by 
a c o n c r e t e  b a f f l e  c o n t a i n i n g  a c e n t r a l l y  l o c a t e d  2 f t  ( 0 . 6  m) d i a m e t e r  
p o r t .  The seco n d  s h a f t ,  r o t a t e d  a t  1 .0  rpm, has  a t o t a l  s u r f a c e  a r e a  
o f  144 ,000  f t ^  ( 1 3 ,3 8 0  m^).  The media i s  40 p e r c e n t  submerged in  t h e  
w a s t e w a t e r .  The a i r  t e m p e r a t u r e  in  t h e  b u i l d i n g  i s  d e s i g n e d  t o  rem ain  
above  13° C.
The i n f l u e n t  i s  c o m p r i s e d  o f  d o m e s t i c  w a s t e w a t e r  and a sm al l  
p e r c e n t a g e  o f  f i l t e r  p r e s s  f i l t r a t e .  The a v e r a g e  f lo w  i s  from 0 . 4  t o  
0 . 5  MGD (1500 t o  1900 m'Vd) .  I n f l u e n t  BOD^ and t o t a l  s u s p e n d e d  s o l i d s  
ra n g e  from 130 t o  150 m g / l i t e r .  The a v e r a g e  e f f l u e n t  c o n t a i n s  15 
m g / l i t e r  o f  b o th  BOD^ and TSS.
No RBC f a i l u r e s  have o c c u r r e d  t o  d a t e .
I I I .  RESULTS
Phase  I -  I n i t i a l  B i o f i l m  S t u d i e s
G enera l  B i o f i l m  C h a r a c t e r i s t i c s
The b i o f i l m s  on t h e  f i r s t  d i s k  o f  t h e  18-cm c o n t a c t o r  and on 
t h e  d i s k s  in  t h e  f i r s t  com par tm en t  o f  t h e  0 .5 -m  c o n t a c t o r  were  g r a y -  
brown and f i l a m e n t o u s ,  w i t h  a b l a c k  s u b s u r f a c e  l a y e r .  Growth was 
f a i r l y  u n i f o r m ;  maximum f i l m  t h i c k n e s s  was 1 mm. S lo u g h in g  o c c u r r e d  
randomly  and r e c o l o n i z a t i o n  a p p e a r e d  t o  be a l m o s t  im m ed ia te .  On t h e  
t e r m i n a l  d i s k s  o f  t h e  18-cm c o n t a c t o r ,  and in  t h e  l a s t  c om par tm e n ts  o f  
t h e  0 .5 -m c o n t a c t o r ,  t h e  b i o f i l m  was d a r k  brown and somewhat t h i n n e r .
I t  a p p e a r e d  m o t t l e d  b e c a u s e  r e c o l o n i z a t i o n  o c c u r r e d  more s l o w l y .
These  c o n t a c t o r  b i o f i l m  c h a r a c t e r i s t i c s  were  s i m i l a r  t o  t h o s e  o b s e r v e d  
p r e v i o u s l y  d u r i n g  d o m e s t i c  w a s t e w a t e r  t r e a t m e n t  ( A n t o n i e  e t  a l . , 1974; 
E l l i s  and  Banaga ,  1976;  F r iedm an e t  a l . ,  1979;  G r i f f i t h  e t  a l . ,  1978) .  
L i g h t  M ic roscopy
B i o f i l m s  from t h e  f i r s t  com par tm en ts  o f  b o th  c o n t a c t o r  p i l o t  
p l a n t s  were  e x t r e m e l y  d e n s e ,  fo rm in g  in t e r w o v e n  m a ts .  These  mats  were  
composed o f  two m a jo r  c o n s t i t u e n t s :  f i l a m e n t o u s  b a c t e r i a ,  which a p p e a r e d  
t o  be t h e  p r e d o m i n a n t  fo rm ,  and s i n g l e - c e l l e d  b a c t e r i a  g ro u p e d  t o g e t h e r  
in  amorphous c lumps .  The l a t t e r  a p p e a r e d  s i m i l a r  t o  t h e  amorphous 
f i l m - f o r m i n g  b a c t e r i a  d e s c r i b e d  by Unz and Dondero (1 9 7 0 ) .  O th e r  f r e ­
q u e n t l y  o b s e r v e d  m i c r o o r g a n i s m s  i n c l u d e d  s p i r o c h e t e s ,  z o o f l a g e l l a t e s ,  
f r ee - s w im m in g  and s t a l k e d  c i l i a t e s ,  and nem atodes .
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C l o s e r  e x a m i n a t i o n  was a f f o r d e d  t o  t h e  morphology o f  t h e  
p r e d o m i n a n t  f i l a m e n t s .  They c o n s i s t e d  o f  a s e r i e s  o f  r o d - s h a p e d  
c e l l s ,  a p p r o x i m a t e l y  1-2 pm i n  d i a m e t e r  and 2 -5  pm l o n g ,  which  were  
e n c a s e d  t i g h t l y  i n  an o u t e r  s h e a t h  ( F i g u r e  15) .  F i l a m e n t s  r a n g e d  in  
s i z e  from 10 t o  1000 mm i n  l e n g t h .  I n d i v i d u a l  c e l l s  a p p e a r e d ,  u n d e r  
c e r t a i n  l i g h t i n g  c o n d i t i o n s ,  t o  c o n t a i n  r e t r a c t i l e  i n c l u s i o n  b o d i e s .
The s h e a t h  was most  v i s i b l e  a t  t h e  ends  o f  t h e  f i l a m e n t s ,  where  t h e  
c e l l  c h a i n  t e r m i n a t e d  and l e f t  o n l y  t h e  empty c a s i n g .  F l a g e l l a t e d  
c e l l s  were  n o t  o b s e r v e d  e x i t i n g  from t h e  ends  o f  t h e  b roken  f i l a m e n t s .  
C o n c u r r e n t l y , no h o l d f a s t s  were  s e e n ,  th ough  t h e s e  may have been  l o s t  
when t h e  s am ple s  were  s c r a p e d  from t h e  c o n t a c t o r s .  The s h e a t h s  were  
q u i t e  f l e x i b l e  and were  o f t e n  b e n t  t o  s e v e r e  a n g l e s  w i t h o u t  r u p t u r i n g  
( F i g u r e  16 ) .  I t  was i m p o s s i b l e  t o  d e t e r m i n e  t h e  o v e r a l l  l e n g t h  o f  t h e  
f i l a m e n t s  b e c a u s e  t h e y  were  to o  i n t e r t w i n e d  w i t h  one a n o t h e r .  F a l s e  
b r a n c h i n g  was r a r e l y  o b s e r v e d .  The f i l a m e n t s  d i d  n o t  move o r  o s c i l l a t e  
d u r i n g  e x a m i n a t i o n .
Most o f  t h e  c e l l s  w i t h i n  t h e  f i l a m e n t s  c o n t a i n e d  b l u e - b l a c k  
i n c l u s i o n  b o d i e s  a f t e r  s t a i n i n g  w i t h  Sudan B la c k  B ( P e l c z a r ,  1 9 5 7 ) ,  
i n d i c a t i n g  t h a t  PHB was p r e s e n t .  A smal l  p o r t i o n  o f  t h e  f i l a m e n t s  d i d  
n o t  c o n t a i n  PHB o r  c o n t a i n e d  i t  o n ly  i n  a l o c a l i z e d  r e g i o n .  C e l l s  
w i t h  PHB u s u a l l y  c o n t a i n e d  a t  l e a s t  t h r e e  o f  t h e  b l u e - b l a c k  i n c l u s i o n  
b o d i e s .  In  some f i l a m e n t s ,  t h e  PHB g r a n u l e s  a p p e a r e d  t o  occupy  as 
much a s  75 p e r c e n t  o f  t h e  c e l l  volume. Some o f  t h e  c e l l s  i n  t h e  
f i l m - f o r m i n g  b a c t e r i a l  m a ss e s  a l s o  c o n t a i n e d  t h e s e  i n c l u s i o n  b o d i e s .
The s h e a t h s  o f  t h e  f i l a m e n t s  s t a i n e d  a d a r k  P r u s s i a n  b l u e  
a f t e r  b e i n g  exposed  t o  p o t a s s i u m  f e r r o c y a n i d e  u n d e r  a c i d i c  c o n d i t i o n s  
(Skerman,  1967) .  As g r e a t  c a r e  was e x e r c i s e d  t o  i n s u r e  t h a t  no s o l u b l e
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F i g u r e  15. F i l a m e n t  C e l l s  Encased  i n  a S h e a l t h  
( P h a s e  I S t u d i e s )
F i g u r e  16. F i l a m e n t  S h e a t h  F l e x i b i l i t y  
( P h a s e  I S t u d i e s )
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f e r r i c  i r o n  was p r e s e n t  b e f o r e  s t a i n i n g ,  t h i s  a p p a r e n t l y  meant  t h a t  
i r o n  p r e c i p i t a t e d  o u t  o n to  t h e  s h e a t h s  o f  t h e  f i l a m e n t s  d u r i n g  w a s t e ­
w a t e r  t r e a t m e n t .
I s o l a t i o n  E x p e r im en t s
T a n g l e d ,  c u r l e d ,  f i l a m e n t o u s  g row th  a p p e a r e d  on a l l  o f  t h e  
i n i t i a l  i s o l a t i o n  p l a t e s  o f  CGY and GG media .  L i g h t  m i c r o s c o p a l  
e x a m i n a t i o n  o f  t h e  f i l a m e n t s  t h a t  grew a f t e r  r e s t r e a k i n g  showed t h a t  
t h e y  were  s i m i l a r  t o  t h o s e  s e e n  i n  t h e  o r i g i n a l  b i o f i l m  s a m p le s .  They 
c o n s i s t e d  o f  r o d - s h a p e d  c e l l s  w i t h i n  a s h e a t h  and e x h i b i t e d  t h e  same 
m o r p h o l o g ic a l  c h a r a c t e r i s t i c s  m e n t io n e d  above .  S t a i n i n g  w i t h  Sudan 
B la ck  B showed t h a t  mos t  o f  t h e  i n d i v i d u a l  c e l l s  c o n t a i n e d  PHB. 
U l t r a s t r u c t u r e  o f  t h e  N o n - f i l a m e n t o u s  P o p u l a t i o n
T r a n s m i s s i o n  e l e c t r o n  m ic ro s c o p y  o f  t h i n - s e c t i o n e d  spec im ens  
c o n f i r m e d  t h e  p r e s e n c e  o f  t h e  n o n - f i l a m e n t o u s  b a c t e r i a l  c e l l s  s e e n  by 
l i g h t  m ic ro s c o p y  ( a b o v e ) .  From l o w - m a g n i f i c a t i o n  m i c r o g r a p h s ,  i t  was 
e v i d e n t  t h a t  b o th  a l a r g e  number and a c o n s i d e r a b l e  v a r i e t y  o f  t h e s e  
o rg a n i s m s  were  p r e s e n t  ( s e e  F i g u r e  17 ) .  B i o f i l m s  from b o th  c o n t a c t o r s  
a p p e a r e d  t o  have s i m i l a r  n o n - f i l a m e n t o u s  p o p u l a t i o n s ;  no o b v io u s  
d i f f e r e n c e s  in  m o r p h o l o g i c a l  t y p e s  o f  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  
were  o b s e r v e d .  V i r t u a l l y  a l l  o f  t h e  b a c t e r i a  in  b o th  c a s e s  p o s s e s s e d  
t y p i c a l  G r a m - n e g a t iv e  c e l l  e n v e l o p e s  ( C o s t e r t o n  e t  a l . ,  1974) .  They 
r a n g e d  in  morphology from s h o r t  c o c c o b a c i l l i  t o  l o n g ,  t h i n  r o d s .  
S p i r i l l a  were  p r e s e n t  in  some s a m p l e s ,  b u t  were s e e n  o n ly  i n f r e q u e n t l y .  
C e l l  d i a m e t e r s  v a r i e d  c o n s i d e r a b l y ,  r a n g i n g  from 0 . 2 5  t o  1 .5  pm.
The u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  s e v e r a l  r e p r e s e n t a t i v e  
t y p e s  o f  t h e  n o n - f i l a m e n t o u s  b a c t e r i a  a r e  shown i n  F i g u r e  18. A
Low M a g n i f i c a t i o n  P h o to m ic ro g ra p h  o f  t h e  RBC 
B i o f i l m  ( P h a s e  I S t u d i e s )
102
Figure 18. U 1 t r a s t r u c t u r a l  C h a r a c t e r i s t i c s  o f  t h e  Non- 
f i l a m e n t o u s  B i o f i l m  B a c t e r i a  ( P h a s e  I S t u d i e s )
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m a j o r i t y  o f  t h e s e  o r g a n i s m s  r e g u l a r l y  c o n t a i n e d  one o r  more i n c l u s i o n  
b o d i e s ,  and some o f  them p o s s e s s e d  r a t h e r  p r o m i n e n t  m esosome-1 ike  
s t r u c t u r e s .  In  s e v e r a l  i n s t a n c e s ,  c e l l s  were  s e e n  t h a t  a p p e a r e d  t o  be 
i n f e c t e d  w i t h  b a c t e r i o p h a g e .  ( F i g u r e  19 ) .
The n o n - f i l a m e n t o u s  b a c t e r i a  o f t e n  a p p e a r e d  as  g ro u p s  o f  c e l l s  
p o s s e s s i n g  i d e n t i c a l  m o r p h o l o g i c a l  and u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s .  
These  g r o u p s ,  which  i n c l u d e d  a s  many as  25 c e l l s ,  a p p a r e n t l y  r e p r e s e n t e d  
m i c r o c o l o n i e s  o r  p a r t s  o f  l a r g e r  c o l o n i e s  t h a t  r em a ined  i n t a c t  t h r o u g h o u t  
p r e p a r a t i o n  o f  t h e  s am ple s  f o r  e l e c t r o n  m ic ro s c o p y .  One o r  more o f  
t h e  c e l l s  i n  such  g ro u p s  were  somet imes  s een  t o  be u n d e r g o in g  c e l l  
d i v i s i o n  ( F i g u r e  2 0 ) .
The o n ly  e u k a r y o t i c  o rg a n i s m s  d e t e c t e d  w i t h  any r e g u l a r i t y  in  
t h e  e l e c t r o n  m i c r o s c o p a l  i n v e s t i g a t i o n s  were  a m o e b o i d - l i k e  o r g a n i s m s .  
I n t e r e s t i n g l y ,  t h e s e  o rg a n i s m s  a lw ays  a p p e a r e d  t o  have s e v e r a l  v a c u o l e ­
l i k e  s t r u c t u r e s  which  c o n t a i n e d  one o r  more i n t a c t  b a c t e r i a l  c e l l s  
( F i g u r e  2 1 ) .  O th e r  e u k a r y o t e s  s e e n  by l i g h t  m ic ro s c o p y  ( a b o v e )  were  
n o t  o b s e r v e d  in  t h e s e  p r e p a r a t i o n s ,  e i t h e r  b e c a u s e  t h e y  were  p r e s e n t  
i n  r e l a t i v e l y  low numbers o r  b e c a u s e  t h e y  were  l o s t  d u r i n g  p r e p a r a t i o n  
f o r  t h i n  s e c t i o n i n g .
U l t r a s t r u c t u r e  o f  t h e  P re d o m in a n t  F i l a m e n t s
The p r e d o m i n a n t  f i l a m e n t s  s e e n  by l i g h t  m i c ro s c o p y  (a b o v e )  
were  r e a d i l y  d e t e c t e d  by t r a n s m i s s i o n  e l e c t r o n  m ic ro s c o p y .  They 
c o n s i s t e d  o f  i n d e p e n d e n t  b a c t e r i a l  c e l l s  s u r r o u n d e d  by a common s h e a t h  
( F i g u r e  2 2 ) .  The f i l a m e n t s  r a n g e d  from 1 .3 5  t o  1 .55  pm in  d i a m e t e r  
( i n c l u d i n g  t h e  s h e a t h ) .  I n d i v i d u a l  c e l l s  w i t h i n  t h e  s h e a t h s  r an g ed  
from 1 .0  t o  1 .2  pm i n  d i a m e t e r  and from 1 .9  t o  4 . 5  pm in  l e n g t h .
F i g u r e  19. C e l l s  I n f e c t e d  w i t h  B a c t e r i o p h a g e  ( P h a s e  I 
S t u d i e s )
F i g u r e  20. M i c r o c o l o n i e s  i n  t h e  RBC B i o f i l m  ( P h a s e  I 
S t u d i e s )
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F i g u r e  21.  A m o e b o i d - l i k e  Organism i n  t h e  B i o f i l m  
( P h a s e  I S t u d i e s )
1 u m
Figure 22. U l tr a s tru c t u r e  o f  the Predominant Filaments
(Phase I S t u d ie s )
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The s h e a t h  m a t e r i a l  on t h e  f i l a m e n t s  i n c l u d e d  a r e l a t i v e l y  
d ense  l a y e r  t h a t  was s i t u a t e d  q u i t e  c l o s e  t o  t h e  s u r f a c e  o f  t h e  u n d e r ­
l y i n g  c e l l  w a l l s  ( F i g u r e  2 3 ) .  T h i s  l a y e r  a p p e a r e d  t o  have a f i b r o u s  
c o n s t r u c t i o n ,  e s p e c i a l l y  when t h e  p l a n e  o f  s e c t i o n i n g  p a s s e d  t h r o u g h  
i t  t a n g e n t i a l l y .  Most f i l a m e n t s  a l s o  p o s s e s s e d  a more l o o s e l y  con ­
c e n t r a t e d  l a y e r  o f  s h e a t h  m a t e r i a l  im m e d i a t e l y  o u t s i d e  t h e  d e n s e  
l a y e r .
The c e l l s  w i t h i n  t h e  f i l a m e n t  were  i n d e p e n d e n t  o f  one a n o t h e r ,  
b e i n g  s e p a r a t e d  by a f a i r l y  smal l  gap ( F i g u r e  2 4 ) .  An amorphous sub ­
s t a n c e  o f t e n  f i l l e d  t h e s e  g a p s ,  a s  w e l l  as  t h e  a r e a s  be tween  t h e  c e l l  
s u r f a c e s  and t h e  i n n e r  s u r f a c e  o f  t h e  s h e a t h .  The c e l l s  p o s s e s s e d  a 
t y p i c a l  G r a m - n e g a t iv e  c e l l  e n v e l o p e ,  i n c l u d i n g  a t r i l a m i n a t e  c y t o p l a s ­
mic membrane and a t r i l a m i n a t e  o u t e r  membrane. Both membranes were 
m ark e d ly  c o n v o l u t e d .  A t h i n ,  e l e c t r o n - d e n s e  l a y e r ,  p o s s i b l y  c o r r e s p o n d ­
ing  t o  t h e  p e p t i d o g l y c a n  m a t e r i a l ,  was o f t e n  v i s i b l e  be tween  t h e s e  two 
membranes.
The c y t o p l a s m i c  f e a t u r e s  o f  t h e  c e l l s  i n c l u d e d  n u c l e a r  m a t e r i a l ,  
r i b o s o m e s ,  and some i r r e g u l a r l y  s h a p e d ,  e l e c t r o n - d e n s e  i n c l u s i o n s  
( F i g u r e  2 5 ) .  The l a t t e r  i n c l u s i o n s  were  s i m i l a r  in  a p p e a r a n c e  t o  
p o l y g l u c o s i d e  g r a n u l e s  ( S h i v e l y ,  1954) .  The c e l l s  i n  some, b u t  n o t  
a l l ,  f i l a m e n t s  c o n t a i n e d  as  many a s  15 e l e c t r o n - t r a n s p a r e n t  i n c l u s i o n s  
s u r r o u n d e d  by e l e c t r o n - d e n s e  bound ing  l a y e r s  ( F i g u r e  2 5 ) .  These  
i n c l u s i o n s  o f t e n  i n f i l t r a t e d  p o o r l y  d u r i n g  p r e p a r a t i o n  o f  t h e  c e l l s  
f o r  t h i n  s e c t i o n i n g .  They c o r r e s p o n d e d  in  s i z e  and l o c a t i o n  t o  t h e  
Sudan B la c k  B - s t a i n i n g  g r a n u l e s  s een  by l i g h t  m ic r o s c o p y ,  and i n  t h e i r  
u l t r a s t r u c t u r a l  c h a r a c t e r s t i c s  t o  t h e  PHB g r a n u l e s  (Dunlop and R obards ,  
1973;  S h i v e l y ,  1974) .
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F i g u r e  23. S h e a l t h  U 1 t r a s t r u c t u r e  o f  t h e  P re d o m in a n t  F i l a ­
ments ( P h a s e  I S t u d i e s )
Figure 24. I n t e r c e l l u l a r  U l tr a s tru c tu r e  o f  the Predominant
Filaments (Phase I S tu d ie s )
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Figure 25. I n t r a c e l l u l a r  U l tr a s tru c tu r e  o f  the Predominant
Filaments (Phase I S t u d ie s )
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Most c e l l s  i n  t h e  f i l a m e n t s  c o n t a i n e d  p r o m i n e n t  mesosom e-1 ike  
s t r u c t u r e s  ( F i g u r e  2 6 ) .  These  were  l o c a t e d  p e r i p h e r a l l y  and somet im es  
a p p e a r e d  t o  be a s s o c i a t e d  w i t h  t h e  p o l a r  w a l l s  o f  t h e  c e l l s .  Many 
c e l l s  a l s o  c o n t a i n e d  r e l a t i v e l y  l a r g e ,  complex i n v a g i n a t i o n s  o f  t h e  
c y t o p l a s m i c  membrane ( F i g u r e  2 2 ) .  These  somet imes  r e s e m b l e d  l a r g e  
mesosomes b u t ,  more o f t e n ,  t h e y  l a c k e d  t h e  i n t e r n a l  membranes u s u a l l y  
a s s o c i a t e d  w i t h  mesosomes ( G r e e n a w a l t  and W h i t e s i d e ,  1975) .  In  t h e  
l a t t e r  c a s e ,  t h e y  a p p e a r e d  t o  c o n t a i n  amorphous m a t e r i a l  s i m i l a r  t o  
t h a t  o b s e r v e d  be tween  t h e  c e l l s  and t h e  i n n e r  l a y e r  o f  t h e  s h e a t h .  In 
a l m o s t  a l l  c a s e s ,  t h e s e  l a r g e  i n v a g i n a t i o n s  o r i g i n a t e d  a t  o r  n e a r  t h e  
m i d p o i n t  o f  t h e  c e l l .
P hase  I I - W a t e r  R e s e a rc h  C e n t r e  S t u d i e s
P h y s i c a l  and Chemical  M o n i t o r i n g
A i r  t e m p e r a t u r e  i n  t h e  p i l o t  s c a l e  l a b o r a t o r y  a v e r a g e d  2 0 . 8 °  C 
( r a n g e  = 1 1 . 7 - 2 5 . 5 °  C). The i n f l u e n t  w a s t e w a t e r  t e m p e r a t u r e  a v e r a g e d  
1 5 .7 °  C and t h e  RBC mixed l i q u o r  t e m p e r a t u r e  a v e r a g e d  1 6 . 4 °  C ( i n f l u e n t  
ra n g e  = 1 1 .0  t o  2 0 . 8 °  C, mixed l i q u o r  r a n g e  = 1 1 . 5 - 2 1 . 2 °  C). The 
c o o l e r  a i r  and w a s t e w a t e r  t e m p e r a t u r e s  o c c u r r e d  d u r i n g  t h e  w i n t e r  
months and t h e  warmer t e m p e r a t u r e s  o c c u r r e d  in  t h e  summertime.
The i n f l u e n t  TOC t o  t h e  RBC u n i t s  r e m a in e d  r e l a t i v e l y  c o n s t a n t  
d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t s ,  a v e r a g i n g  150 m g / l i t e r .  The TOC 
p r o f i l e s  a r e  shown in  F i g u r e s  27 ,  28 and 29. The e f f l u e n t  TOCs o f  
b o th  u n i t s  (T0LR = 6 . 0  g TOC/m *d) d ropped  f a i r l y  r a p i d l y  d u r i n g  t h e  
i n i t i a l  s t a r t - u p  p e r i o d  t o  4 0 -55  mg T O C / l i t e r  where  t h e y  r e m a in ed  f o r  
t h e  f i r s t  month o f  o p e r a t i o n .  The f i r s t  com par tm en t  o f  each  u n i t  
removed most  o f  t h e  o r g a n i c  m a t t e r ,  f o l l o w e d  by t h e  s e c o n d  and t h i r d
110
Figure 26. Mesosome-1ike S tructures  in the  Predominant
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Figure 29. Experimental RBC - Compartmental TOC vs .  Time
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com par tm en ts .  The f o u r t h  com par tm en t  removed l e s s  o r g a n i c  c a r b o n  and 
began t o  s e r v e  as  a " p o l i s h i n g  f i l t e r . "
2
With t im e  t h e  c o n t r o l  u n i t  (TOLR = 6 . 0  g C/m *d) became more 
e f f i c i e n t  a t  removing  o r g a n i c  c a rb o n  and a f t e r  f o u r  months was remov­
in g  60-70  % o f  t h e  TOC ( F i g u r e  3 0 ) .  I t s  e f f l u e n t  TOC a v e r a g e d  47 
m g / l i t e r .  By t h e  end o f  t h e  e x p e r i m e n t  t h e  e f f l u e n t  c o n c e n t r a t i o n  was 
s l i g h t l y  low er  (44 mg T O C / l i t e r ) .  The e f f l u e n t  BOD^ and COD d u r i n g  
t h e  same p e r i o d  a v e r a g e d  49 and 140 m g / l i t e r ,  r e s p e c t i v e l y .
As t h e  t o t a l  o r g a n i c  l o a d i n g  r a t e s  d e c r e a s e d  i n  t h e  e x p e r i ­
menta l  RBC t h e  e f f l u e n t  q u a l i t y  im proved  g r e a t l y ' ( F i g u r e s  29 and 3 0 ) .
At t h e  end o f  t h e  p e r i o d  where  TOLR = 4 . 0  g TOC/m *d, t h e  a v e r a g e  
e f f l u e n t  TOC was 39 m g / l i t e r .  The f i r s t  com par tment  a c c o m p l i s h e d  an 
a v e r a g e  o f  75 p e r c e n t  o f  t h e  c a r b o n  r e m o v a l ,  w i t h  t h e  l a t e r  c o m p a r t ­
ments c o n t r i b u t i n g  a much s m a l l e r  s h a r e .  More d r a m a t i c  d i f f e r e n c e s  
were m easu red  when t h e  TOLR was equa l  t o  2 . 0  g TOC/m *d. At t h a t  
l o a d i n g  r a t e  e f f l u e n t  TOC a v e r a g e d  18 m g / l i t e r .  The l a s t  two c o m p a r t ­
ments  were v e r y  u n d e r l o a d e d ,  r e c e i v i n g  i n f l u e n t  c o n t a i n i n g  o n l y  45 mg 
T O C / l i t e r .  The e f f l u e n t  BOD^ and COD c o n c e n t r a t i o n s  (6 and 47 m g / l i t e r ,  
r e s p e c t i v e l y )  a l s o  r e f l e c t e d  t h e  h ig h  removal  c a p a c i t y  o f  t h e  e x p e r i ­
mental  RBC d u r i n g  t h e  p e r i o d  o f  low l o a d i n g .  Mixed l i q u o r  t u r b i d i t i e s  
c l o s e l y  p a r a l l e l e d  t h e  TOC r e s u l t s  ( F i g u r e s  31 ,  32 ,  33 ,  and 3 4 ) .
O v e r a l l  ammonia c o n c e n t r a t i o n s  d i d  n o t  change  v e r y  much i n  t h e  
RBC1s when t h e  TOLR wa 6 . 0  o r  4 . 0  g T0C/m2 -d ( T a b l e  19,  20 ,  and 2 1 ) .  
There  was a 15 p e r c e n t  i n c r e a s e  i n  t h e  N0£ -N c o n c e n t r a t i o n s  in  t h e  
l a s t  com par tm en t  a t  TOLR = 4 . 0  g TOC/m *d, an e f f e c t  a l s o  s een  by 
B re y e r s  ( 1 9 8 3 ) .  When t h e  TOLR equa led .  2 . 0  g T0C/m2 *d, however ,  
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F i g u r e  34.
30 40 50 70 80 110 120 130
TIME (DAYS)
C on t ro l  and E xper im en ta l  RBCs -  P e r c e n t  T u r b i d i t y  
Removed v s .  Time.
Table 19
I n f l u e n t  Chemical P a ra m e te r s  a t  " S t e a d y  S t a t e "  O p e r a t i o n  o f  RBcs in  m g / l i t e r
T e s t  P e r io d BODs COD T . S .S . NH3 ( a s  N) NO; ( a s  N) Ox N ( a s
A N/A N/A N/A 50 <0.05 < 1 .0
B N/A N/A 97 39 0 .0 5 < 1 .0
C 190 386 119 40 <0 .05 <1 . 0
D 219 432 125 36 <0.05 < 1 .0
■k
O x id iz ed  N i t r o g e n  i n c l u d e s  NOI -N and NO3 -N.
ic k
T e s t  P e r io d End o f  Run where TOLR E xpe r im en ta l
A 6 . 0  g TOC/m2 -d
B 4 . 0  g TOC/m2 -d
C 2 . 0  g TOC/m2 -d
D 6 . 0  g TOC/m2 -d
POO
Table 20
E f f l u e n t  Chemical P a ra m e te r s  a t  " S t e a d y  S t a t e "  
O p e r a t i o n  o f  RBCs in  m g / l i t e r
★
Period U nit TOLR (q TOC/m2 -d) BODs COD T .S .S . NHa (as N) NOi (as N) Ox N (as
A Control 6 .0 N/A N/A N/A N/A N/A N/A
Experimental 6 .0 N/A N/A N/A 50 <0.05 <1.0
B Control 6 .0 N/A N/A N/A 39 0.13 <1.0
Experimental 4 .0 N/A N/A 11 30 6 6
C Control 6 .0 41 141 N/A 41 0.11 <1.0
Experimental 2 .0 6 47 19 1.5 1 .6 30
D Control 6 .0 49 140 27 36 0.06 <1.0
Experimental 6 .0 32 105 27 37 0.34 < 1.0
ro
See Table 19





N i t ro g e n  Components in  t h e  E xp e r im e n ta l  RBC 
a t  " S te a d y  S t a t e "  in  m g / l i t e r
Compartment NH3  ( a s  N) N O 2  ( a s  N) Ox N ( a s  N)
1 51 < 0 .0 5  < 1 . 0
2 49 < 0 .05  < 1 .0
3 49 < 0 .0 5  < 1 .0
4 50 <0 .05  < 1 .0
1 38 < 0 .05  < 1 .0
2 40 0 .0 7  < 1 .0
3 40 0 .0 6  < 1 .0
4 30 6 6
1 40 0 . 2 0  < 1 .0
2 25 6 . 8  8 . 0
3 7 . 5  5 . 9  2 3 .5
4 1 . 5  1 . 6  30
1 37 < 0 .0 5  < 1 .0
2 37 < 0 .0 5  < 1 .0
3 37 <0 .05  < 1 .0
4 36 0 . 3 6  <1 .0
roro
*See T a b l e  19
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and a c o r r e s p o n d i n g  i n c r e a s e  in  n i t r a t e  c o n c e n t r a t i o n s  was m easured  
( 2 8 . 4  mg 0 x N). N i t r i t e  o n l y  r e p r e s e n t e d  5 p e r c e n t  o f  t h e  o x i d i z e d  
n i t r o g e n .
Suspended  s o l i d s  c o n c e n t r a t i o n s  in  t h e  i n f l u e n t  a v e r a g e d  130 
m g / l i t e r .  The e f f l u e n t  c o n c e n t r a t i o n s  were  27 11 and 19 m g / l i t e r  f o r  
TOLRs o f  6 . 0 ,  4 . 0  and 2 . 0  g T0C/m^*d,  r e s p e c t i v e l y  ( T a b l e  19,  20 ,  and 
2 1 ) .  As TOLR d e c r e a s e d  t h e  s o l i d s  c o n c e n t r a t i o n  i n  t h e  e f f l u e n t  
c o n c o m i t a n t l y  d e c r e a s e d .
The d i s s o l v e d  oxygen  c o n c e n t r a t i o n  in  t h e  RBC mixed l i q u o r  
were  m easu red  p e r i o d i c a l l y .  In t h e  l a s t  com par tm en t  o f  t h e  RBC o p e r a ­
t i n g  a t  t h e  l o w e s t  TOLR, t h e  D.0.  a v e r a g e d  2 -3  m g / l i t e r .  F i r s t  c o m p a r t ­
ment v a l u e s  r a n g e d  be tween  0 -  0 . 3  mg 0 2 / l i t e r .  In t h e  u n i t s  l o a d e d
2
a t  4 . 0  and 6 . 0  g TOC/m *d t h e  o v e r a l l  mixed l i q u o r  p r o f i l e  was n e v e r  
g r e a t e r  t h a n  0 . 5  mg 0 2 / l i t e r .
M a in ten an ce  Problems
The RBC u n i t s  o p e r a t e d  c o n t i n o u s l y  from s t a r t - u p .  No m e ch an i ­
c a l  m a l f u n c t i o n s  were  e x p e r i e n c e d .  T h re e  o t h e r  o p e r a t i o n a l  p rob lem s  
o c c u r r e d ;  s l u d g e  b u i l d u p ,  pump s h u td o w n s ,  and f lo w  i r r e g u l a r i t i e s .
The K l a r g e s t e r  u n i t s  a r e  d e s i g n e d  so t h a t  mixed l i q u o r  p a s s e s  from one 
co m par tm en t  t o  t h e  n e x t  t h r o u g h  smal l  p o r t s  l o c a t e d  a t  t h e  to p  o f  each
b a f f l e .  S loughed  s o l i d s ,  which  were  o f t e n  v e r y  l a r g e  (up t o  6 x 6 cm)
d i d  n o t  p a s s  t h r o u g h  t h e  p o r t s  and became t r a p p e d  w i t h i n  a c o m p a r t ­
ment.  The s m a l l e r  s o l i d s  r em a in ed  e n t r a i n e d  i n  t h e  mixed l i q u o r ,  
w he reas  t h e  l a r g e r  ones  s e t t l e d  t o  t h e  bo t tom  o f  t h e  com par tm en t .
A f t e r  t h r e e  months o f  o p e r a t i o n  t h e  b u i l d u p  was so s e v e r e  t h a t  t h e
s l u d g e  had t o  be pumped o u t  o f  t h e  co m p a r tm e n t s .  The p rob lem  o c c u r r e d  
a t  a l l  TOLRs and in  a l l  c o m p a r tm e n t s .  I t  was e x a c e r b a t e d ,  however ,
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i n  t h e  most  h e a v i l y  l o a d e d  com par tm en ts  where s l o u g h i n g  was g r e a t e s t
and s l o u g h e d  b i o f i l m  p i e c e s  were  l a r g e .
On one o c c a s i o n  t h e  f lo w  o f  p r im a r y  e f f l u e n t  t o  b o th  RBCs was
s h u t  o f f .  The f a i l u r e  r e s u l t e d  when s o l i d s  c l o g g e d  t h e  b a l l  v a l v e
c o n t r o l l i n g  f lo w  t o  t h e  5 g a l l o n  sump. T h i s  c o n d i t i o n  o c c u r r e d  i n  t h e
e a r l y  morn ing  o f  March 23 ,  1982 and l a s t e d  no l o n g e r  t h a n  e i g h t  h.
Flow r a t e s  were  ch e c k e d  d a i l y  and r e a d j u s t e d  as  r e q u i r e d .  The
most  d i f f i c u l t  f lo w  t o  m a i n t a i n  was f o r  t h e  e x p e rm e n ta l  u n i t  a t  a TOLR 
2
o f  2 . 0  g TOC/m *d. On one o c c a s i o n  f lo w  was s t o p p e d  c o m p l e t e l y  t o  t h e  
u n i t  f o r  a p p r o x i m a t e l y  8 h ,  a s  d e s c r i b e d  above .  A verage  f low  
r a t e s  were  m a i n t a i n e d ,  how ever ,  w i t h o u t  much r e a d j u s t m e n t .
G ene ra l  B i o f i l m  C h a r a c t e r i s t i c s
I n i t i a l  c o l o n i z a t i o n  o f  t h e  RBC d i s k s  was a p p a r e n t  w i t h i n  
3 -4  days  a f t e r  s t a r t - u p .  S u b s t a n t i a l  b i o f i l m  d ev e lo p m e n t  o c c u r r e d  
w i t h i n  one month.  The b i o f i l m  g row ing  on t h e  d i s k s  became p r o g r e s ­
s i v e l y  t h i n n e r  and more s p a r s e  as  t h e  o r g a n i c  l o a d i n g  r a t e  d e c r e a s e d  
i n  t h e  u n i t s .  In  t h e  c o n t r o l  u n i t  t h e  g row th  was t h i c k  (up t o  1 cm) 
and shaggy  t h r o u g h o u t  w i t h  an o v e r l y i n g  w h i t e  mat.  S l o u g h in g  o c c u r r e d  
i n  l a r g e  p a t c h e s ,  and rough o b s e r v a t i o n s  s u p p o r t e d  t h e  m a n u f a c t u r e r ' s  
c l a i m s  t h a t  i n d i c a t e d  r e s i d e n c e  t i m e s  were  g r e a t e r  t h a n  30 d a y s .  
R e c o l o n i z a t i o n  o f  s l o u g h e d  a r e a s  was r a p i d .  In  t h e  e x p e r i m e n t a l
2
u n i t s ,  a b r o w i s h - b l a c k  b i o f i l m  p r e d o m i n a t e d  a t  TOLR = 4 . 0  g TOC/m *d, 
where g row th  r a n g e d  from 4 - 8  mm i n  t h e  f i r s t  com p ar tm e n t ,  down t o  1 mm 
in  t h e  l a t t e r  co m p ar tm e n ts .  When t h e  TOLR = 2 . 0  g TOC/m *d, t h e  
o v e r a l l  b i o f i l m  t h i c k n e s s  d e c r e a s e d  t o  a maximum o f  2 -4  mm i n  t h e  
f i r s t  com par tm en t  and <1 mm i n  t h e  l a s t  com par tm en t .  The g row th  was
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brown and l e s s  shaggy .  S l o u g h in g  i n  t h e  l e s s  h e a v i l y  l o a d e d  c o m p a r t ­
ments o c c u r r e d  i n  much more d i s c r e t e  p i e c e s  and r e c o l o n i z a t i o n  was 
l e s s  r a p i d .
E l e c t r o n  M i c r o s c o p y - B a c t e r i a
In  t h e  mos t  h e a v i l y  l o a d e d  com par tm en ts  t h e  RBC b i o f i l m s  
examined  c o n t a i n e d  a g r e a t  v a r i e t y  and number o f  b a c t e r i a l  c e l l s  
( F i g u r e  3 5 ) .  Many o f  t h e  c e l l s  o b s e r v e d  were  a c t i v e l y  d i v i d i n g  and 
c o n t a i n e d  a s u b s t a n t i a l  number o f  mesosomes and r i b o s o m e s .  There  
a p p e a r e d  t o  be an equa l  d i s t r i b u t i o n  be tween  t h e  numbers o f  Gram- 
p o s i t i v e  and G r a m - n e g a t iv e  b a c t e r i a .  Some o f  t h e s e  c e l l s  were  v e r y  
o d d ly  shaped  ( F i g u r e  3 6 ) .  Some m i c r o c o l o n i e s  were  a l s o  o b s e r v e d .  
S e v e r a l  t y p e s  o f  G r a m - p o s i t i v e  c e l l s  were  s e e n .  Large  ( 2 - 8  pm lo n g )  
G r a m - p o s i t i v e  s i n g l e  c e l l s  ( F i g u r e  37) u s u a l l y  had f ew er  i n c l u s i o n s  
t h a n  com p arab ly  s i z e d  G r a m - n e g a t i v e  c e l l s  ( F i g u r e  3 8 ) .  O t h e r  t y p e s  o f  
G r a m - p o s i t i v e  b a c t e r i a  o b s e r v e d  i n c l u d e d  S t a p h y l o c o c c u s - 1i k e  c e l l s  and 
dumbed-shaped  c e l l s .  The l a t t e r  u s u a l l y  a p p e a r e d  i n  a  c h a i n  o f  a t  
l e a s t  two c e l l s  and c o n t a i n e d  l i t t l e  e x c e p t  f o r  mesosomes and some 
p o l y p h o s p h a t e .  G r a m - n e g a t iv e  f i l a m e n t s  which l a c k e d  d i s t i n c t  s h e a t h s  
were found in  t h e s e  b i o f i l m s  ( F i g u r e  3 9 ) .  S e v e r a l  s p i r i l l a  and s p i r o ­
c h e t e s  were o b s e r v e d  w i t h i n  t h e s e  c o m p ar tm e n ts .  S m a l l e r  ( 1 - 2 . 0  pm 
d i a m e t e r )  b a c t e r i a  s t o r e d  l a r g e  amounts o f  P H B -l ike  m a t e r i a l  (up  t o  75 
p e r c e n t  o f  a c e l l ' s  vo lume) ( F i g u r e  4 0 ) .  P o l y p h s p h a t e  i n c l u s i o n s  were  
a l s o  commonly s e e n .  P o s s i b l e  s u l f u r  i n c l u s i o n s ,  l o c a t e d  be tween  t h e  
c e l l  w a l l  and membrane,  were  a l s o  f r e q u e n t l y  o b s e r v e d  ( F i g u r e  4 1 ) .
As t h e  o v e r a l l  o r g a n i c  l o a d i n g  r a t e  d e c r e a s e d  i n  t h e  u n i t s  t h e  
b a c t e r i a  became p r e d o m i n a t e l y  G r a m - n e g a t iv e .  The few G r a m - p o s i t i v e
F i g u r e  35.  Low M a g n i f i c a t i o n  P h o to m ic ro g ra p h  H e a v i l y -  
Loaded RBC B i o f i l m  ( P h a s e  I I  S t u d i e s )
Figure 36. B acter ia  with Unusual Morphologies in a Heavily-
Loaded B io f i lm  (Phase II S tud ie s )
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Figure 37. Large Gram-posit ive  Cell  in a Heavily-Loaded
Biof i lm  (Phase II S tu d ie s )
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0.5 um
Figure 38. Large Gram-negative C e l l s  in a Heavily-Loaded
Biof i lm  (Phase II S t u d ie s )
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F i g u r e  39.  G r a m - n e g a t i v e  F i l a m e n t  i n  a H e a v i l y - L o a d e d  B i o f i l m  
( P h a s e  I I  S t u d i e s )
0.5 um
F i g u r e  40.  Large  P H B - l ik e  I n c l u s i o n  i n  a B a c t e r iu m  i n  a H e a v i l y -  
Loaded B i o f i l m  ( P h a s e  I I  S t u d i e s )
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0.5 um
S u l f u r  I n c l u s i o n s  i n  a B a c t e r iu m  (P h a s e  I I  S t u d i e s )  
S = s u l f u r .
F i g u r e  41
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c e l l s  o b s e r v e d  c o n t a i n e d  mesosomes.  Less d i v e r s i t y  o f  c e l l  t y p e s  and 
few d i v i d i n g  o rg a n i s m s  were  a p p a r e n t .  S p i r o c h e t e s  were n o t  found a t  
t h e  low er  l o a d i n g s .  The amount o f  PHB s t o r e d  d e c r e a s e d  m arked ly  t o  
10-40 p e r c e n t  o f  a c e l l ' s  volume.  P o l y p h o s p h a t e  was s e e n  l e s s  f r e ­
q u e n t l y  and no s u l f u r  i n c l u s i o n s  were  o b s e r v e d .
In  t h e  l a t t e r  co m p ar tm e n ts  o f  t h e  e x p e r i m e n t a l  RBC where t h e  
o r g a n i c  l o a d i n g  r a t e  and NO^-N c o n c e n t r a t i o n s  were  b o th  low, t h e  
b a c t e r i a  were  sm al l  ( 1 - 2  pm lo n g )  and p o s s e s s e d  G r a m - n e g a t iv e  c e l l  
w a l l s  ( F i g u r e  4 2 ) .  A l o t  o f  c e l l  d e b r i s  and many dead c e l l s  were  
o b s e r v e d .  L i v in g  c e l l s  a p p e a r e d  u n h e a l t h y  and p l a s m o l y s i s  was common.
A few c e l l s  e x i s t e d  i n  common c a p s u l e s .  I r r e g u l a r l y  s haped  b a c t e r i a ,  
w i t h  p o s s i b l e  p r o s t h e c a e ,  w ere  common ( F i g u r e  4 3 ) .  L i t t l e  o r  no PHB 
was s t o r e d  i n  t h e  b a c t e r i a .  L i t t l e  p o l y p h o s p h a t e  was o b s e r v e d ,  p r o b a ­
b ly  due t o  t h e  l a c k  o f  PHB which  i s  needed  t o  a f f e c t  s t o r a g e  (Fuhs  and 
Chen, 1975) .
In  t h e  f i n a l  com par tm en t  o f  t h e  e x p e r i m e n t a l  u n i t  o p e r a t i n g  a t  
2
TOLR = 2 . 0  g TOC/m *d, t h e  b a c t e r i a l  a s s e m b la g e  was d i s t i n c t l y  d i f f e r e n t .  
B a c t e r i a  r e s e m b l i n g  n i t r i f i e r s  were  p r e s e n t  and c o n t a i n e d  e x t e n s i v e l y  
c o n v o l u t e d  cy tomembranes  ( F i g u r e  4 4 ) .  Many c e l l s  were  e n c l o s e d  in  
common c a p s u l e s .  These  b a c t e r i a  o f t e n  c o n t a i n e d  p o l y p h o s p h a t e - l i k e  
i n c l u s i o n s  as  e n e r g y  was p r o b a b l y  a v a i l a b l e  t o  a f f e c t  s t o r a g e .  A few 
p r o t h e s c a t e  t y p e s  o f  b a c t e r i a  a l s o  were  o b s e r v e d  in  t h e s e  f i l m s .  Few 
o t h e r  t y p e s  o f  b a c t e r i a  were  r e p r e s e n t e d .  No PHB was s t o r e d  in  t h e s e  
c e l  I s .
P r o t o z o a  and Metazoa 
2
A 36 cm p i e c e  o f  b i o f i l m  was s c r a p e d  from t h e  o u t e r m o s t
p o r t i o n  o f  a s i n g l e  vane o f  t h e  f i r s t  d i s k  i n  each  com par tm en t  o f  t h e
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0.5um
F i g u r e  42.  B a c t e r i a  i n  a L i g h t l y - L o a d e d  B i o f i l m  ( P h a s e  I I  S t u d i e s )  
Note g h o s t  c e l l s  (G) and l y s z e d  c e l l u l a r  m a t e r i a l  
(LCM).
Figure 43 P ro s th eca te -1 ik e  B acter ia  in a Lightly-Loaded
Biof i lm (Phase II S tu d ie s )  P = Prostheca.
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F i g u r e  44.  N i t r i f y i n g - l i k e  B a c t e r i a  i n  a B i o f i l m  E f f e c t i n g  Complete  
N i t r i f i c a t i o n  ( P h a s e  I I  S t u d i e s )  = c y to m e m b ra n e s ,
, PO = p o l y p h o s p h a t e  i n c l u s i o n ,  Cp = c a p s u l e .
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RBC b e i n g  examined.  Samples  were  t a k e n  from t h e  e x p e r i m e n t a l  and 
c o n t r o l  u n i t s  on a l t e r n a t e  days  ( T a b l e  18 ) .  Once each  week t h e  mixed 
l i q u o r  f l o e s  from t h e  f i r s t  and l a s t  com par tm en t  o f  t h e  e x p e r i m e n t a l  
RBC were  o b s e r v e d .  All  b i o f i l m  sam p les  were  p l a c e d  i n  a g r a d u a t e d  
c y l i n d e r  c o n t a i n i n g  f i v e  ml o f  d i s t i l l e d  w a t e r .  The volume o f  t h e  
b i o f i l m  was n o te d  and a d i l u t i o n  f a c t o r  ( T o t a l  Volume B i o f i l m  + W a t e r /  
Volume B i o f i l m )  c a l c u l a t e d .  The f i l m  was t h e n  t h o r o u g h l y  mixed w i t h  
t h e  w a t e r .  T h ree  20 pi  s u b sa m p le s  o f  t h e  b i o f i l m  were  examined  on 
each  o f  t h r e e  d o t  c o u n t  s l i d e s  ( F i g u r e  12) .  A s e p a r a t e  s l i d e  con ­
t a i n i n g  a n o t h e r  2 0 . p l  su b sa m p le  was s c a n n e d  t o  v e r i f y  t h a t  a l l  s p e c i e s  
p r e s e n t  were  en u m e ra te d .  The t o t a l  number o f  i n d i v i d u a l s  o f  a s p e c i e s  
o b s e r v e d  in  a sample  was m u l t i  p l e d  by t h e  d i l u t i o n  f a c t o r  t o  d e r i v e  an 
e s t i m a t e  o f  t h e  t o t a l  number o f  i n d i v i d u a l s  which would have been 
o b s e r v e d  in  an u n d i l u t e d  sam ple .
The o r g a n i c  l o a d i n g  r a t e s  a p p l i e d  t o  t h e  RBCs were  c a l c u l a t e d
i n i t i a l l y  u s i n g  t h e  e n t i r e  d i s k  s u r f a c e  a r e a  o f  t h e  d i s k s  (TOLR g TOC
a p p l i e d / m  t o t a l  d i s k  s u r f a c e  *d) .  When t h e  p r o t o z o a n  and me tazoan
d a t a  were  a n a l y z e d  i t  became i m p o r t a n t  t o  c o n s i d e r  t h e  s p e c i f i c  o r g a n i c
l o a d i n g  r a t e  t h a t  t h e  p r o t o z o a  and m e tazo a  were  b e i n g  exposed  t o  a
2
com par tm en ta l  b a s i s  (COLR g TOC/m c o m p ar tm e n ta l  s u r f a c e  a r e a  *d).
S in c e  t h e  K l a r g e s t e r  RBCs had d i f f e r e n t  t a n k  s i z e s  f o r  each  c o m p a r t ­
ment t h e  h y d r a u l i c  r e t e n t i o n  p e r  com par tm en t  was n o t  u n i fo rm .  To 
a c c o u n t  f o r  t h e  d i f f e r e n t i a l  in  h y d r a u l i c  r e t e n t i o n  t im e  ( n o t  n o r m a l ly  
a p rob lem  i n  American RBC s y s t e m s )  t h e  o r g a n i c  l o a d i n g  r a t e  f o r  each  
compar tm ent was c a l c u l a t e d  on t h e  b a s i s  o f  r e t e n t i o n  t im e  (ROLR g TOC 
a p p l i e d / m  com p ar tm e n ta l  s u r f a c e  a r e a  • R e t e n t i o n  Time).
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G enera l  O b s e r v a t i o n s . S i x t e e n  d i f f e r e n t  t y p e s ^  o f  p r o t o z o a  
2
and m e tazoa  were  o b s e r v e d  i n  t h e  RBC u n i t s  o v e r  t h e  c o u r s e  o f  t h e
e x p e r i m e n t s  ( T a b l e  2 2 ) .  The o rg a n i s m s  p r e s e n t  i n  c om par tm e n ts  w i t h
h igh  o r g a n i c  l o a d i n g  r a t e s  t e n d e d  t o  be o f  l a r g e r  s i z e  t h a n  commonly
r e p o r t e d  ( H a l l ,  1 9 5 3 ; - M a r t i n ,  1968;  C u rd s ,  1969;  K a h l , 1930,  1931, '
1932, 1935;  Kudo, 1966;  B ic k ,  1972) .  T h i s  was e s p e c i a l l y  n o t i c e a b l e
2
f o r  t h o s e  t y p e s  which o c c u r r e d  o v e r  a r a n g e  o f  ROLR's (g  TOC/m *RT). 
Uronema i n d i v i d u a l s ,  f o r  ex am p le ,  r a n g e d  up t o  4 5 -50  x 20 -25  pm in  
com par tm en ts  o p e r a t i n g  a t  h ig h  l o a d i n g  r a t e s ,  and o n l y  20 -25  x 10 pm 
in  l a t e r  com par tm e n ts .  The numbers o f  food  v a c u o l e s  p r e s e n t  in  t h e  
o rg an is m s  i n  t h e  i n i t i a l  com par tm e n ts  was a l s o  much h i g h e r  t h a n  in  
l a t e r  com par tm e n ts .  The o rg a n i s m s  were  u s u a l l y  v e ry  a c t i v e  a s  con ­
f i rm e d  by t h e i r  m o t i l i t y ,  f e e d i n g  b e h a v i o r ,  and r e p r o d u c t i v e  r a t e s .
Even d u r i n g  m i c r o s c o p i c  e x a m i n a t i o n ,  t h e  o rg a n i s m s  were c a r r y i n g  o u t  
v a r i o u s  a c t i v i t i e s .  These  f a c t o r s  t e n d e d  t o  i n d i c a t e  t h a t  t h e  o r g a n ­
isms were " m e t a b o l i c a l l y  a c t i v e . "  D ur ing  shock  l o a d i n g s ,  such  as  f lo w  
d i s r u p t i o n s  and r a p i d l y  i n c r e a s e d  T0LR, however ,  t h e  m a j o r i t y  o f  t h e  
o rg a n i s m s  were  a d v e r s e l y  a f f e c t e d .  D ur ing  such  c o n d i t i o n s  t h e y  were  
h a r d l y  f e e d i n g  o r  r e p r o d u c i n g  and many a p p e a r e d  t o  be do rm an t  o r  
e n c y s t i n g .
The Col p i  diurn t y p e s  o f  o r g a n i s m s ,  which were  t h e  i n i t i a l  
c i l i a t e  c o l o n i z e r s  o f  t h e  RBC b i o f i l m ,  c o n s i s t e d  o f  Colp idiurn 
camyplurn, C. c o l p o d a , and G laucoma. I d e n t i f i c a t i o n s  were  b a s e d  on
1 -  See Appendix I I I  f o r  t h e  ta x o n o m ic  g r o u p in g  u sed  in  t h i s  r e s e a r c h .
2 -  See Appendix  IV f o r  m i c r o g r a p h s  o f  t h e  m a jo r  p r o t o z o a  and m e tazoa .
3 -  See Appendix  V f o r  a t a b l e  o f  m a jo r  c h a r a c t e r i s t i c s  o f  t h e  p r o t o z o a
and metazoa .
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P r o to z o a  and
P ro to z o a
Amoebae
A m p h i lep tu s
C i n e to c h i lu m
Col pidiurn campy!urn
C o l i p id iu m  co lp o d a
Glaucoma
L i t o n o t u s
O p e r c u l a r i a  minima
T a b le  22 
Metazoa Seen in  t h e  RBCs
0.  ph ry g an ea e
P l a g i o p y l a
Podaphrya
Pseudoglaucoma
S p a th id iu m
Tachysoma
T r a c h e lo p h y l lu m
Uronema
V o r t i c e l l a  m ic ro s to m a
Metazoa
Nematodes 
Roti  f e r s
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‘d r y 1 s i l v e r  s t a i n s  ( K l e i n ,  1958) .  These  s p e c i e s  a p p e a r e d  t o  be 
f a i r l y  e v e n l y  d i s t r i b u t e d .  They were  u s u a l l y  h i g h l y  a c t i v e  and f i l l e d  
w i th  food  v a c u o l e s .  T h e i r  s i z e  was v a r i a b l e ,  d e p e n d in g  on how r e c e n t l y  
d i v i s i o n  had o c c u r r e d .  G e n e r a l l y ,  t h e y  were 60 -80  pm long .
T h ro u g h o u t  t h e s e  e x p e r i m e n t s  f l a g e l l a t e d  o rg a n i s m s  and amoebae 
were o b s e r v e d .  These  t y p e s  o f  o rg a n i s m s  c o l o n i z e d  t h e  b i o f i l m  w i t h i n  
a few days  a f t e r  s t a r t - u p ,  o c c u r r i n g  even  b e f o r e  t h e  c i l i a t e s .  I n i t i a l ­
l y ,  t h e s e  o rg a n i s m s  were  e n u m e ra te d  as  g e n e r a l  t y p e s ;  i t  soon became 
a p p a r e n t ,  t h o u g h ,  t h a t  t h e  numbers o b t a i n e d  were  n o t  t r u l y  r e p r e s e n t a ­
t i v e  o f  t h e i r  p o p u l a t i o n s .  At t h e  s u g g e s t i o n  o f  Dr. F.B.  Page ( 1 9 8 2 ) ,  
o n ly  l a r g e  o r  " g i a n t "  amoebae were  en u m e ra te d  (>40 pm d i a m e t e r ) .
Nematodes were  o b s e r v e d  v e r y  f r e q u e n t l y  w i t h i n  t h e  b i o f i l m .  
R o t i f e r s ,  p r i n c i p a l l y  o f  t h e  o r d e r  B d e l l o i d i a ,  o c c u r r e d  m a in ly  in  
com par tm en ts  w i t h  low ROLR. Both t h e  nem atodes  and r o t i f e r s  have 
r e p r o d u c t i v e  c y c l e s  which  i n v o l v e  t h e  d e p o s i t i o n  o f  e g g s .  I n t e r e s t ­
i n g l y ,  t h e  p r e s e n c e  o f  a c t i v e  p o p u l a t i o n s  o f  t h e s e  o rg a n i s m s  was 
a lways  f o l l o w e d  by l a r g e  d e p o s i t i o n  o f  e g g s .  By o b s e r v i n g  such  r e p r o ­
d u c t i v e  h a b i t s  o f  t h e s e  o rg a n i s m s  f u t u r e  p o p u l a t i o n  dynamics  c o u l d  be 
a n t i c i p a t e d .
C y s t - l i k e  s t r u c t u r e s  were  o b s e r v e d  in  t h e  b i o f i l m ,  e s p e c i a l l y  
a f t e r  shock  c o n d i t i o n s  had o c c u r r e d  and when ROLRs had changed  r a p i d l y .  
C ys t  f o r m a t i o n  i s  o f t e n  o b s e r v e d  in  c e r t a i n  c i l i a t e s ,  amoebae,  and 
f l a g e l l a t e s  when t h e y  a r e  s e e k i n g  t o  p r o t e c t  t h e m s e l v e s  from harmfu l  
o r  a b r u p t  ch a n g e s  in  t h e  e n v i ro n m e n t .  U n f o r t u n a t e l y ,  t h e  scope  o f  
t h i s  s t u d y  d i d  n o t  i n c l u d e  i d e n t i f i c a t i o n  o f  e n c y s t i n g  s p e c i e s .
The p e r i t r i c h s  w hich  were  common in  t h e  b i o f i l m  i n c l u d e d :  
O p e r c u l a r i a  p h r y g a n e a e , 0.  m in im a , P y x i d i e l l a , and V o r t i c e l  l a
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m i c r o s to m a . The o rg a n i s m s  were a l l  o b s e r v e d  in  r e p r o d u c t i v e  modes;  
b o th  se x u a l  and a s e x u a l .  The a s e x u a l  b i n a r y  f i s s i o n  p r o c e s s  was t h e  
most  common. There  d i d  n o t  a p p e a r  t o  be any p a t t e r n  d i c t a t i n g  which  
mode was f o l l o w e d .  F r e q u e n t  o b s e r v a t i o n s  i n d i c a t e d  t h a t  t h e r e  was a 
s t r o n g  r e l a t i o n s h i p  be tw een  P y x i d i e l ! a  and O p e r c u l a r i a . On s e v e r a l  
o c c a s i o n s  P y x i d i e l l a  was o b s e r v e d  d i v i d i n g  t o  form O p e r c u l a r i a - 1 i k e  
c o l o n i e s .  I t  was s i m u l t a n e o u s l y  o b s e r v e d  t h a t  d u r i n g  i n i t i a l  c o l o n i ­
z a t i o n  by t h e s e  p e r i t r i c h s  P y x i d i e l l a  a p p e a r e d  f i r s t ,  f o l l o w e d  w i t h i n  
24 h o u rs  by O p e r c u l a r i a  w i t h  s e v e r a l  z o o i d s  p e r  c o l o n y .  S u b s e q u e n t l y ,  
O p e r c u l a r i a  c o l o n i e s  would  grow t o  c o n t a i n  m a s s iv e  numbers o f  z o o i d s .
C o n t ro l  U n i t . Twelve t y p e s  o f  p r o t o z o a  and m e tazoa  were  
o b s e r v e d  i n  t h e  c o n t r o l  u n i t  d u r i n g  t h e  e x p e r i m e n t  ( T a b l e  2 3 ) .  A 
g r a d u a l  change  i n  t h e  s p e c i e s  p r e s e n t  and t h e i r  p red o m in an ce  o c c u r r e d  
o v e r  t im e  ( F i g u r e s  45 and 4 6 ) .  A f t e r  8 days  o f  o p e r a t i o n  C o l i p i d i u m  
was c o l o n i z i n g  t h e  b i o f i l m  in  t h e  f i r s t  com par tm en t  o f  t h e  RBC. 
C o n c u r r e n t l y ,  a few Uronema were o b s e r v e d  i n  t h e  s econd  com par tm en t .  
W i th in  a few days  C o l i p i d i u m  was p r e s e n t  in  a l l  c o m p a r t m e n t s , though  
i t  was most  f i r m l y  e s t a b l i s h e d  in  t h e  more h e a v i l y  l o a d e d  o n e s .  In 
t h e  l a s t  two com par tm en ts  sm al l  numbers (<20 i n d i v i d u a l s )  o f  s e v e r a l  
t y p e s  o f  m i c r o f a u n a  were  o b s e r v e d  ( O p e r c u l a r i a , n e m a to d e s ,  Uronema, 
V o r t i c e l l a , A m p h i l e p tu s ) .  E xce p t  f o r  t h e  l a s t  c o m p ar tm e n t ,  however ,
Col p i  diurn was t h e  p r e d o m i n a n t  t y p e .  A f t e r  day 24 t h e s e  i n i t i a l  c o l o n i z ­
ing  s p e c i e s  d e c l i n e d  and s u b s e q u e n t l y  d i e d  o u t .  These  t y p e s  were  
su c c e e d e d  by a p o p u l a t i o n  bloom o f  nem atodes .
The s u c c e s s i o n  o f  s p e c i e s  and t y p e s  a p p e a r e d  t o  be s i m i l a r  
among t h e  co m p a r tm e n t s ;  however ,  t h e  t i m e  f rame was d i f f e r e n t .  Sue-
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T IM E  (D A Y S )
Figure 46. Control RBC - Minor Protozoa and Metazoa vs .  Time
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c e s s i o n  was a c c e l e r a t e d  i n  t h e  l a s t  com par tm en t  and was p r o p o r t i o n ­
a t e l y  s l o w e r  i n  each  o f  t h e  e a r l i e r  c o m p ar tm e n ts .
Nematodes were  f o l l o w e d  by p o p u l a t i o n s  o f  O p e r c u l a r i a  
( P y x i d i e l l a  b e i n g  t h e  i n i t i a l  p e r i t r i c h  c o l o n i z i n g  m o rp h o lo g y ) .  A f t e r  
12 weeks t h e  p o p u l a t i o n  r e p r e s e n t e d  in  t h e  c o n t r o l  u n i t ' s  b i o f i l m  
began t o  i n c r e a s e ,  e s p e c i a l l y  i n  t h e  t h i r d  and f o u r t h  c o m p a r tm e n t s .  
G r e a t e r  t h a n  20 i n d i v i d u a l s  o f  a g i v e n  p o p u l a t i o n s  were  r a r e l y  o b s e r ­
ved ,  however.  The numbers o f  t y p e s  p r e s e n t  d e c r e a s e d  w i t h  i n c r e a s i n g  
ROLR. In  t h e  f i r s t  co m p a r tm e n t ,  where  s u c c e s s i o n  n e v e r  r e a l l y  went  
f u r t h e r  t h a n  n e m a to d e s ,  P l a g i o p y l a , an t o l e r a n t  c i l i a t e ,  was 
o b s e r v e d  i n f r e q u e n t l y .
The a v e r a g e  number o f  s p e c i e s  o b s e r v e d  i n c r e a s e d  g r a d u a l l y  
w i t h  t im e  in  t h e  c o n t r o l  u n i t  ( F i g u r e  4 7 ) .  A f t e r  t h e  i n i t i a l  c o l o n i ­
z a t i o n  p e r i o d  ( 0 - 2 0  d a y s )  t h e  com par tm e n ts  c o n t a i n e d  1 t o  2 t y p e s  o f  
p r o t o z o a  and m e ta z o a ,  w i t h  t h e  f o u r t h  com par tm en t  c o n t a i n i n g  s l i g h t l y  
more s p e c i e s .  A f t e r  12 weeks o f  o p e r a t i o n  t h e  numbers o b s e r v e d  i n  t h e  
t h i r d  and f o u r t h  c om par tm e n ts  i n c r e a s e d  t o  an a v e r a g e  o f  4 and 5 
t y p e s ,  r e s p e c t i v e l y .  The numbers o b s e r v e d  in  t h e  f i r s t  two c o m p a r t ­
ments r em a ined  a t  low l e v e l s  t h r o u g h o u t  t h e  end o f  t h e  e x p e r i m e n t a l  
p e r i o d .
When s p e c i e s  d i s t r i b u t i o n  i s  c o n s i d e r e d  as  a f u n c t i o n  o f  
a v e r a g e  com p ar tm e n ta l  TOC and ROLR, d i s t i n c t  p a t t e r n s  emerge ( T a b l e  
24) .  D ur ing  t h e  p e r i o d  be tw een  10-12 weeks o f  o p e r a t i o n ,  t h e  com­
p a r t m e n t s  w i t h  f a i r l y  h ig h  ROLRs were  p r o d u c i n g  e f f l u e n t  w i t h  a f a i r l y  
h igh  TOC c o n c e n t r a t i o n .  As e x p e c t e d ,  w i t h  d e c r e a s i n g  ROLR t h r o u g h  t h e  
u n i t ,  TOC and t u r b i d i t y  d e c r e a s e d  and t h e  numbers and t y p e s  o f  s p e c i e s  
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Figure 47. Control RBC -  Average Number o f  Species  vs .  Time
S p e c i e s  D i s t r i b u t i o n  as  a F u n c t i o n  o f  ROLR, COLR,
and Average TOC
ROLR - g TOC/ma/HT 0.98 0.78 0.74 0.73 0.58 0.55 0.57 0.55 0.49 0.49 0.43 0.40 0.41 0.36 0.21 0.17
COLR - g TOC/m2/d 12.3 6.50 9.30 14.3 11.2 2.30 11.1 7.10 9.50 6.30 8.10 2.60 7.60 4.50 1.40 1.00
Average TOC (mg/l) 114 90 86 82 65 64 64 62 55 55 47 45 44 39 24 18
Plaglopyla 0 +
Nematodes + + + + + + ' + + + + + + + + + +
Operci4arla 0 0 + 0 + + + + + + + + + +
Vortlcella
microstoma + + 0 + + + + + 0
Amphileptus 0 0 + + 0 0 + + + 0 0
Trachelophyllum 0 0 0 + + 0 + + +
Uronema + + + + 0 + + + + + +
Spathldum + + 0
Clnetochllum 0 0 + 0 0
Pssudoglaucoma + 0 +
Giant amoebae ------- + + + +
Rotifers + 0 0 +
Tachysoma ------- ------- ------- ------- 0 +
Podophrya +
•m o  fct counting and •canning aldM 
0  ManhocomtogtSdMonhr
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o n ly  nematodes  were  o b s e r v e d  when t h e  a v e r a g e  TOC was 114 m g / l i t e r .
In t h e  same com p ar tm e n t ,  however ,  be tween  12 and 20 weeks when t h e
ROLR a v e r a g e d  0 . 7 4  g TOC/m *RT, t h e  community a l s o  i n c l u d e d  P l a g i o p y l a
( t h e  t o l e r a n t  s p e c i e s )  and V o r t i c e l l a  m i c r o s t o m a . When s l i d e s
were scan n ed  ( a s  opposed  t o  d o t  c o u n t e d )  O p e r c u l a r i a  and A m p h i lep tu s
were a l s o  d e t e c t e d  a t  a TOC o f  86 m g / l i t e r .
The second  com par tm en t  o f  t h e  c o n t r o l  u n i t ,  w i t h  an ROLR o f
2
0 .7 3  g TOC/m *RT, c o n t a i n e d  n e m a to d e s ,  O p e r c u l a r i a  and T ra c h e lo p h y lu m  
( t h e  l a t t e r  two o b s e r v e d  in  s c a n n i n g  o n l y )  a f t e r  12 weeks o f  o p e r a ­
t i o n .  The a v e r a g e  TOC was 82 m g / l i t e r .  By t h e  end o f  t h e  e x p e r i m e n t ,  
however,  o b s e r v a t i o n s  r e g u l a r l y  i n c l u d e d  t h e s e  t y p e s  ( w i t h  t h e  ex c e p ­
t i o n  o f  T rac h e lo p h y lu rn ) , V. m i c r o s t o m a , and Uronema.
The t h i r d  com par tm en t  o f  t h e  c o n t r o l  u n i t  c o n s i s t e n t l y  c o n ­
t a i n e d  nematodes  and O p e r c u l a r i a  ( w i t h  a t  l e a s t  10 i n d i v i d u a l s  p e r
t y p e )  by 12 weeks a f t e r  s t a r t u p .  D ur ing  t h i s  p e r i o d  ROLR and TOC
2
a v e r a g e d  0 . 5 7  g TOC/m *RT and 64 m g / l i t e r  r e s p e c t i v e l y .  By 20 weeks
2
o f  o p e r a t i o n ,  w i t h  t h e  ROLR a v e r a g i n g  0 . 4 9  g TOC/m *RT, O p e r c u l a r i a  
was o n ly  o b s e r v e d  i n f r e q u e n t l y  and V o r t i c e l l a  and Uronema were 
enum era ted  more f r e q u e n t l y  and i n  g r e a t e r  numbers ,  a l o n g  w i t h  nema­
t o d e s .  S p a th id iu m  and A m p h i lep tu s  were a l s o  p r e s e n t  in  sm al l  numbers.
In  t h e  l a s t  com par tm en t  where ROLRs were  t h e  l o w e s t  ( 0 . 4 3  and 
0.41 g T0C/m^*RT a f t e r  12 and 20 w eeks ,  r e s p e c t i v e l y )  t h e  TOCs were
a l s o  t h e  l o w e s t .  A f t e r  12 weeks w i t h  an a v e r a g e  TOC o f  47 m g / l i t e r ,
O p e r c u l a r i a  and nematodes  were  s t i l l  p r e d o m i n a n t ,  w i t h  f o u r  o t h e r  
t y p e s  o b s e r v e d  i n f r e q u e n t l y  and i n  low numbers.  By t h e  end o f  t h e  
e x p e r i m e n t a l  p e r i o d ,  however ,  TOC was 44 m g / l i t e r  and s e v e r a l  t y p e s  
were c o n s i s t e n t l y  r e p r e s e n t e d  ( a  maximum o f  e i g h t  t y p e s ) .  O p e r c u l a r i a
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was g e n e r a l l y  p r e d o m i n a n t .  Most o f  t h e  o t h e r  o rg a n i s m s  p r e s e n t  n e v e r  
numbered more t h a n  10 i n d i v i d u a l s ,  and some t y p e s  such  as  r o t i f e r s ,
C i n e t o c h i 1 urn and A m p h i lep tu s  were  r a r e l y  r e p r e s e n t e d  by more t h a n  
t h r e e  i n d i v i d u a l s .
E x p e r im e n ta l  U n i t . A t o t a l  o f  14 t y p e s  o f  p r o t o z o a  and 
metozoa were  o b s e r v e d  in  t h e  e x p e r i m e n t a l  u n i t  o v e r  t h e  c o u r s e  o f  t h i s  
r e s e a r c h  (T a b l e  2 5 ) .  D u r in g  t h e  f i r s t  month o f  o p e r a t i o n ,  when t h e  
TOLR was 6 . 0  g TOC/m *d, t h e  p a t t e r n  o f  c o l o n i z a t i o n  was s i m i l a r  t o  
t h a t  o b s e r v e d  in  t h e  c o n t r o l  u n i t  ( F i g u r e  48 and 4 9 ) .  Colp id iu rn  
ap p e a re d  in  t h e  f i r s t  com par tm en t  a f t e r  s ev en  days  and in  t h e  o t h e r  
com par tm ents  by n i n e  day s .  The numbers o f  i n d i v i d u a l s  was g r e a t e s t  in  
t h e  f i r s t  com par tm en t  and d e c r e a s e d  w i t h  com par tm en t  t h r o u g h  t h e  r e s t  
o f  t h e  u n i t .  As t h e  C o lp id ium  p o p u l a t i o n  d e c l i n e d ,  nem atodes  s u c c e e d e d  
them. In  t h e  l a t t e r  two c o m p a r tm e n t s ,  a few o t h e r  s p e c i e s  c o l o n i z e d  
t h e  RBC in  sm al l  numbers ( V o r t i c e l l a , Uronema) , b u t  soon d i e d  o u t .  
O p e r c u l a r i a , however ,  s u r v i v e d  and r a p i d l y  became t h e  p r e d o m i n a n t  
s p e c i e s  in  t h e  f o u r t h  com par tm en t .
2
When t h e  TOLR was r e d u c e d  t o  4 . 0  g TOC/m *d, nem atodes  rem a ined  
t h e  o n ly  t y p e  o f  p r o t o z o a  o r  m e tozoa  p r e s e n t  i n  t h e  f i r s t  com par tm en t .  
In t h e  seco n d  com par tm en t  O p e r c u l a r i a  a p p e a r e d ,  b u t  was n o t  t h e  m a jo r  
s p e c i e s .  A few Uronema and A m p h i lep tu s  were  o b s e r v e d  l a t e  i n  t h e  
e x p e r i m e n t a l  p e r i o d .  In t h e  t h i r d  and f o u r t h  c o m p a r tm e n t s ,  however ,  
O p e r c u l a r i a  soon became p r e d o m i n a n t  a s  nematodes  d e c l i n e d .  Only a few 
o t h e r  s p e c i e s  i n h a b i t e d  t h e  b i o f i l m  in  t h e  t h i r d  com par tm en t .  The 
f o u r t h  com par tm en t  f i l m  c o n t a i n e d  many t y p e s  o f  o r g a n i s m s ,  which  
u s u a l l y  c o n s i s t e d  o f  a t  l e a s t  3 i n d i v i d u a l s .  The Uronema p o p u l a t i o n s
T ab le  25
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Figure 49. Experimental RBC -  Minor Protozoa and Metazoa v s .  Time
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became s u b s t a n t i a l ,  number ing  up t o  80 i n d i v i d u a l s .  As t h e  d i v e r s i t y  
i n c r e a s e d ,  O p e r c u l a r i a  p o p u l a t i o n s  d e c r e a s e d  from >500 z o o i d s  t o  a low 
o f  20 z o o i d s .
2
The e x p e r i m e n t a l  u n i t  was o p e r a t e d  a t  a TOLR o f  2 . 0  g TOC/m *d 
f o r  f i v e  weeks.  D ur ing  t h a t  t i m e  marked ch an g e s  o c c u r r e d  i n  t h e  
p r o t o z o a n  and m e tazoan  c o m m u n i t ie s  i n h a b i t i n g  t h e  e x p e r i m e n t a l  u n i t .  
The l e a s t  d r a m a t i c  s h i f t s  o c c u r r e d  in  t h e  f i r s t  com par tm en t  where 
n e m a to d e s ,  Uronema, S p a t h i d i u m , and O p e r c u l a r i a  were  o b s e r v e d  in  smal l  
numbers ( u s u a l l y  <10 i n d i v i d u a l s ) .  In t h e  second  and t h i r d  c o m p a r t ­
ments O p e r c u l a r i a  and Uronema were t h e  m a jo r  c o n s t i t u e n t s  o f  t h e  
community.  In t h e  s econd  com par tm en t  V o r t i c e l 1 a and nematodes  were  
a l s o  p r e s e n t  i n  f a i r l y  l a r g e  numbers.  A m p h i lep tu s  and g i a n t  amoebae ,  
how ever ,  were o n ly  m ino r  c o n s t i t u e n t s .  Fewer t y p e s  o f  o rg a n i s m s  were  
o b s e r v e d  in  t h e  t h i r d  com par tm en t  f i l m ,  b u t  i t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  g i a n t  amoebae were  p r e s e n t  w i t h  g r e a t e r  t h a n  10 i n d i v i d u a l s .  In 
t h e  f o u r t h  com par tm en t  mos t  o rg a n i s m s  a p p e a r e d  w i t h  g r e a t e r  t h a n  4 b u t  
l e s s  t h a n  100 i n d i v i d u a l s .  As i n  t h e  t h i r d  c om par tm e n t ,  O p e r c u l a r i a , 
Uronema and g i a n t  amoebae were  o b s e r v e d  in  t h e  l a r g e s t  numbers .  
R o t i f e r s  a l s o  became a m a jo r  c o n s t i t u e n t  o f  t h i s  b i o f i l m .  Four o t h e r  
t y p e s  were  o b s e r v e d  i n  sm a l l  numbers ( P o d a p h r y a , T r a c h e l o p h y l l u m , 
P s e u d o g la u c o m a , Tachysoma) .
D ur ing  t h e  f i n a l  3 weeks o f  t h e  e x p e r i m e n t ,  t h e  u n i t  was
2
r e t u r n e d  t o  a TOLR o f  6 . 0  g TOC/m *d. In  t h e  f i r s t  com p ar tm e n t ,  
O p e r c u l a r i a  d e c l i n e d  and was s u c c e e d e d  by a b r i e f  p u l s e  o f  V o r t i c e l l a . 
Uronema and nem atodes  a l s o  d e c l i n e d .  The second  com par tm en t  p o p u l a ­
t i o n s  a l s o  d e c l i n e d  so t h a t  no o rg a n i s m s  were  o b s e r v e d  by t h e  end o f  
t h e  e x p e r i m e n t .  O p e r c u l a r i a  and Uronema p o p u l a t i o n s  d e c l i n e d ,  w h i l e
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nematodes  i n c r e a s e d  s l i g h t l y .  By t h e  end o f  t h e  e x p e r i m e n t a l  p e r i o d  
g i a n t  amoebae and o t h e r  s p e c i e s  o b s e r v e d  in  sm al l  numbers had d i e d  
o u t .  In  t h e  f o u r t h  c o m p ar tm e n t ,  Uronema d e c l i n e d  a f t e r  a b r i e f  p u l s e .  
C o n c u r r e n t l y ,  O p e r c u l a r i a , n em a to d es ,  A m p h i lep tu s  ( b r i e f l y )  and V o r t i ­
c e l  l a  ( b r i e f l y )  p o p u l a t i o n s  i n c r e a s e d .  Most o f  t h e  o t h e r  t y p e s  p r e ­
s e n t  ( g i a n t  amoebae,  r o t i f e r s ,  and P o d a p h ry a ) d i e d  o u t .  By t h e  end o f  
t h e  e x p e r i m e n t  o n l y  O p e r c u l a r i a , n e m a to d e s ,  and A m p h i l e p tu s  r e m a in e d ,  
t h e  f i r s t  two e x h i b i t i n g  community c h a r a c t e r i s t i c s  o b s e r v e d  e a r l i e r  a t  
h i g h e r  TOLRs.
On a v e r a g e ,  o n ly  one s p e c i e s  was o b s e r v e d  in  t h e  e x p e r i m e n t a l
u n i t  d u r i n g  t h e  i n i t i a l  20 day s t a r t u p  p e r i o d  ( F i g u r e  5 0 ) .  For  t h e
2
r e m a i n i n g  10 days  t h a t  t h e  u n i t  was l o a d e d  a t  6 . 0  g TOC/m *d, t h e  
f i r s t  two com par tm en ts  s t i l l  c o n t a i n e d  o n ly  one t y p e  o f  m i c r o f a u n a .
The l a t t e r  two c o m p a r tm e n t s ,  however ,  a v e r a g e d  two t y p e s .  When t h e  
l o a d i n g  r a t e  d e c r e a s e d  t o  4 . 0  g TOC/m *d, t h e s e  l e v e l s  rem a ined  
a p p r o x i m a t e l y  t h e  same i n  a l l  b u t  t h e  l a s t  com par tm en t .  T h a t  com­
p a r t m e n t ' s  b i o f i l m  i n c r e a s e d  i t s  c o n s t i t u e n c y  u n t i l  i t  f i n a l l y  con ­
t a i n e d ,  a t  t h e  end o f  t h e  seven  week p e r i o d ,  an a v e r a g e  o f  f i v e  t y p e s  
o f  p r o t o z o a  and m e tazoa .  When t h e  TOLR was d ro p p ed  t o  2 . 0  g TOC/m *d, 
t h e  a v e r a g e  number o f  s p e c i e s  o b s e r v e d  i )  i n  t h e  f i r s t  com par tm en t  
i n c r e a s e d  t o  o n e ,  i i )  i n  t h e  s econd  and t h i r d  com par tm en ts  i n c r e a s e d  t o  
f o u r ,  and i i i )  i n  t h e  f o u r t h  com par tm en t  d e c r e a s e d  w i t h  t i m e  from 5 t o  
4.  D ur ing  t h e  s h o r t  p e r i o d  o f  t i m e  a t  t h e  end o f  t h e  e x p e r i m e n t  t h a t  
t h e  u n i t  was l o a d e d  a t  a TOLR o f  6 . 0 g  TOC/m *d, t h e  number o f  s p e c i e s  
o b s e r v e d  g e n e r a l l y  i n c r e a s e d  up t o  two s p e c i e s  f o r  t h e  f i r s t  c o m p a r t ­
ment and s i x  s p e c i e s  in  t h e  l a s t  c om par tm e n t ,  and d e c r e a s e d  s l i g h t l y  
down t o  t h r e e  s p e c i e s  in  t h e  second  com par tm en t  and t o  two s p e c i e s  in  
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Figure 50. Experimental RBC -  Average Number o f  Spec ies  v s .  Time
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The s p e c i e s  d i s t r i b u t i o n  as  a f u n c t i o n  o f  com p ar tm e n ta l  ROLR
and TOC i s  shown in  T a b le  24.  The h i g h e s t  l o a d i n g  r a t e s  ( 0 . 7 8  g
TOC/m *RT) and h i g h e s t  TOC (90  m g / l i t e r )  o c c u r r e d  in  t h e  f i r s t  c o m p a r t -
ment o f  t h e  u n i t  a t  TOLR o f  4 . 0  g TOC/m *d. The two s p e c i e s  o b s e r v e d ,
nematodes  and P l a q i o p y l a , a r e  t y p e s  c h a r a c t e r i s t i c  o f  p o o r  o p e r a t i n g
c o n d i t i o n s .  The f i r s t  com par tm en t  a t  a TOLR o f  2 . 0  g TOC/m *d had a
s i g n i f i c a n t l y  lo w er  ROLR ( 0 . 5 5  g T0C/m2 *RT) and e f f l u e n t  TOC (64
m g / l i t e r ) .  A c c o r d i n g l y ,  t h e  t y p e s  o f  o rg a n i s m s  p r e s e n t  r e f l e c t e d
t h e s e  p a r a m e t e r s .  Though nematodes  were  most  f r e q u e n t l y  o b s e r v e d ,
O p e r c u l a r i a , A m p h i l e p t u s , Uronema, S p a t h i d i u m , and T r a c h e l o p h y l l u m
were  a l s o  s e e n .  The ROLR ( 0 . 5 5  g T0C/m2 *RT) and e f f l u e n t  TOC (62
2
m g / l i t e r )  f o r  t h e  second  com par tm en t  a t  a TOLR o f  4 . 0  g TOC/m *d were
2
s i m i l a r  t o  t h o s e  o f  t h e  f i r s t  com par tm en t  a t  a TOLR o f  2 . 0  g TOC/m *d.
The s p e c i e s  o b s e r v e d  were  a l s o  s i m i l a r .  The q u a l i t y  o f  t h e  e f f l u e n t
f rom t h e  t h i r d  com par tm en t  a t  a TOLR o f  4 . 0  g TOC /m2 *d (TOC = 55
m g / l i t e r )  was n o t  much r e d u c e d  from t h a t  o f  t h e  p r e v i o u s  c om par tm e n t ,
2
th ough  t h e  ROLR was 0 . 4 9  g TOC/m *RT. Again  t h e  s p e c i e s  p r e s e n t  were
q u i t e  s i m i l a r .  The s p e c i e s  o b s e r v e d  in  b o th  com par tm en t  tw o ,  when
2
TOLR was 2 . 0  g TOC/m *d, and com par tm en t  f o u r ,  when TOLR was 4 . 0  g
2
TOC/m *d, were  s i m i l a r .  The ROLRs and e f f l u e n t  TOCs, however ,  were
s l i g h t l y  d i f f e r e n t  (ROLR = 0 .4 0  g T0C/m2 *RT v s .  ROLR = 0 . 3 6  g
TOC/m2 -RT and TOC = 45 v s .  39 m g / l i t e r )  f o r  TOLRs o f  4 . 0  and 2 . 0  g
T0C/m2 *d, r e s p e c t i v e l y .  The l o w e s t  ROLRs, (0 .2 1  and 0 . 1 7  g T0C/m2 *RT)
and e f f l u e n t  TOCs (24  and 18 m g / l i t e r )  were  o b t a i n e d  in  t h e  l a s t  two
2
com par tm en ts  o f  t h e  u n i t  o p e r a t i n g  a t  a TOLR o f  2 . 0  g TOC/m *d. These  
u n i t s  c o n t a i n e d  t h e  l a r g e s t  number o f  s p e c i e s  s een  i n  t h e  e x p e r i m e n t .
In t h e  l a s t  com par tment  s e v e r a l  o b s e r v a t i o n s  were  made o f  g i a n t  amoebae ,
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r o t i f e r s ,  Tachysom a, and P o d a p h r y a , a c o m b i n a t i o n  u n iq u e  t o  t h a t  
b i o f i l m .
RBC Mixed L iq u o r  P o p u l a t i o n s . R e p e a te d  o b s e r v a t i o n s  o f  mixed 
l i q u o r  s u sp e n d e d  m a t e r i a l  r e v e a l e d  t h a t  p o p u l a t i o n s  o f  p r o t o z o a  and 
m e tazoa  were  e x t r e m e l y  low. C o n c u r r e n t l y ,  few i n d i v i d u a l s  o f  any o f  
t h e  t y p e s  o b s e r v e d  in  t h e  b i o f i l m s  were  c o u n t e d  ( T a b l e  2 6 ) .  R epea ted  
s p o t  e x a m i n a t i o n s  o f  t h e  mixed  l i q u o r  and i t s  f l o e s  y i e l d e d  t h e  same 
r e s u l t s .  D i s s o l v e d  oxygen c o n c e n t r a t i o n s  i n  t h e  mixed l i q u o r ,  as  
s t a t e d  p r e v i o u s l y ,  r a n g e d  from 0 . 0  -  3 . 0  m g / l i t e r .
Phase  I I I  -  D is k  B i o f i l m  V a r i a b i l i t y  S t u d i e s
E num era t ion  T e c h n iq u e s  f o r  P r o t o z o a
The t e c h n i q u e s  f o r  e n u m e r a t i n g  p r o t o z o a  and m e tazo a  u sed  in
t h e  U.S.  were  d i f f e r e n t  from t h o s e  u sed  a t  t h e  WRC as  o u t l i n e d  i n  t h e  
Methods and M a t e r i a l s  s e c t i o n .  P r e l i m i n a r y  e x a m i n a t i o n  o f  t h e  WRC 
d a t a  i n d i c a t e d  t h a t  c o u n t s  were  h i g h l y  v a r i a b l e  from day t o  day and 
t h a t  t h e  s a m p l in g  t e c h n i q u e  s e l e c t e d  a g a i n s t  m o t i l e  s p e c i e s .  T r i a l s  
o f  new t e c h n i q u e s ,  c o n d u c t e d  a t  t h e  WRC, i n d i c a t e d  t h a t  a s c a n n i n g  
mode m ig h t  be more r e p r e s e n t a t i v e  ( F i g u r e  5 1 ) .  The r e s u l t s  o b t a i n e d
from b o th  s c a n n i n g  and d o t - c o u n t  modes u sed  on t h r e e  o f  t h e  U.S.  RBC
p l a n t s  i n d i c a t e d  t h a t  more s p e c i e s  were  o b s e r v e d  and n o t  o v e r l o o k e d  
when s c a n n i n g  was used  ( T a b l e  2 7 ) .  S c a n n in g  t e c h n i q u e s  were  used  
s u b s e q u e n t l y  i n  a l l  o b s e r v a t i o n s  e x c e p t i o n  f o r  t h e  i n i t i a l  o b s e r v a ­
t i o n s  a t  t h e  E l l s w o r t h ,  Maine RBC p l a n t .  On O c to b e r  13,  15,  and 19 
o b s e r v a t i o n s  were made u s i n g  t h e  d o t  c o u n t  method.  On O c t o b e r  25 b o th  
methods  were  used .
T a b le  26




(g TOC/ni -d )
6 .0
0 Types Observed 
0
Types H of In d iv id u a ls
4 6 .0 0
3-27-83 1 4 .0 1 Nematodes 2
4 4 .0 2 Nematodes 1
O percularia 1
4 -5 -83  1 4 .0 1 Nematodes . 1
4 4 .0 0
4 -9 -83  1 4 .0 2 Nematodes 1
4 4 .0 3 Nematodes 1
O percularia 1
V o r t ic e lla  microtoma 1
5-8 -83  1 4 .0 0
Nematodes 2
4 4 .0 4 O percularia 5
V. microstoma 30




(y  TOC/m *d)
4 .0
It Types Observed Types tt of Ind ividua Is
5-16-83  1 0
4 4 .0 3 Nematodes 1
O percularia 3
Uronema 1
5-20-83  1 2 .0 1 O percularia 3
4 2 .0 3 O percularia 9
V. microstoma 4
Uronema 2
6-9 -83  1 2 .0 0
1 2 .0 2 V. microstoma 1
Uronema 1
6-25-83  1 2 .0 0
4 2 .0 3 Uronema 1
Amphileptus 1
Pseudoqlaucoma 1
7-2 -83  1 6 .0 0
Nematodes 2
4 6 .0 4 O percularia 2
V. microstoma 3
Uronema 9
7-10-83 1 6 .0 0
4 6 .0 0
7-15-83 1 6 .0 0
4 6 .0  1 Nematodes 1




Dot Count v s .  Scann ing  Enumera tion  T ec h n iq u es  
P re s e n c e /A b s e n c e *
E llsw o rth , Maine Old Town, Maine L in co ln , Maine
Dot Count Scan Dot Count Scan Dot Count Scan
Aspidisca Aspidisca Aspidisca Aspidisca E p is ty lis Aspidisca
Bristleworms Amphileptus Bristleworms Bristleworms Giant Amoebae E p is ty lis
Cinetochilum Bristleworms E p is ty lis E p is ty lis Roti fers G iant Amoebae
E p is ty lis C hilodonella Giant Amoebae G iant Amoebae Nematodes
Giant Amoebae Cinetochilum Nematodes Litonotus Pseudoglaucoma
Litonotus E p is ty lis Roti fers Nematodes R o tife rs








V o r t ic e lla  microstoma
Paramecium 
Pseudoglaucoma 
Roti fers  
Trachelophyllum  
V o r t ic e lla  microstoma
•k
Based on la s t  compartment data o n ly .
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S e a b ro o k ,  N.H. E x p e r im en t
The f i r s t  d i s k  o f  t h e  f u l l - s c a l e  Yankee Greyhound R a c e t r a c k  
RBC was examined  t o  d e t e r m i n e  t h e  d e g r e e  o f  d i f f e r e n c e  be tween  p r o t o ­
zoan com m uni t ie s  a t  v a r i o u s  r a d i a l  and p e r i p h e r a l  l o c a t i o n s .  On b o th  
s a m p l in g  days  and a t  a l l  l o c a t i o n s  O p e r c u l a r i a  c o m p r i s e d  t h e  l a r g e s t  
p o p u l a t i o n ,  u s u a l l y  w i t h  two o r  t h r e e  t h o u s a n d  z o o i d s  o b s e r v e d .
P y x i d i e l l a , V o r t i c e l l a , s u c t o r i a n s ,  r o t i f e r s ,  n e m a to d e s ,  and g i a n t  
amoebae a l s o  a p p e a r e d ,  b u t  i n  much s m a l l e r  numbers ( T a b l e  2 8 ) .
E f f l u e n t  BOD^ c o n c e n t r a t i o n s  d u r i n g  t h e  s a m p l in g  p e r i o d s  a v e r a g e d  15 
m g / l i t e r .  A two-way a n a l y s i s  o f  v a r i a n c e  was u sed  t o  d e t e r m i n e  i f  
t h e r e  was a s i g n i f i c a n t  d i f f e r e n c e  in  community s t r u c t u r e  w i t h  d i s k  
p o s i t i o n .  A n a l y s i s  was b a s e d  on p o p u l a t i o n  r a n k  t r a n s f o r m a t i o n s  
(C o n o v e r ,  1972) .  S in c e  p o p u l a t i o n  c o u n t s  a r e  seldom n o r m a l ly  d i s t r i ­
b u t e d ,  n o n - p a r a m e t r i c  t e s t s  b a s e d  on t h e  r a n k  t r a n s f o r m a t i o n  o f  s p e c i e s  
c o u n t s  were  used  in  t h e  s t a t i s t i c a l  a n a l y s i s  (C o n o v e r ,  1972).
The s t a t i s t i c a l  a n a l y s e s  o f  b o th  s a m p l in g  p e r i o d s  i n d i c a t e  
t h a t  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  among t h e  com m u n i t ie s  due t o  
p o s i t i o n  ( T a b l e  2 9 ) .  The a n a l y s e s  s u p p o r t  t h e  h y p o t h e s i s  t h a t  t h e  
dominance  s t r u c t u r e  o f  t h e  p r o t o z o a n  p o p u l a t i o n s  w i t h i n  a community 
does  n o t  v a ry  s i g n i f i c a n t l y  ( a  = 0 . 0 5 )  o v e r  t h e  d i s k  s u r f a c e .
Phase IV -  RBC W a s te w a te r  T r e a t m e n t  P l a n t  S t u d i e s  
E x p e r im e n t  1
The E l l s w o r t h ,  Maine RBC f a c i l i t y  was m o n i t o r e d  f o r  one week ( a t  
a p p r o x i m a t e l y  two day i n t e r v a l s )  and once a g a i n  a f t e r  one week and 
f i v e  weeks had e l a p s e d .  The i n t e n t  o f  t h e s e  s t u d i e s  was t o  a s s e s s  t h e  
amount o f  change  o c c u r r i n g  w i t h i n  t h e  b i o f i l m  d u r i n g  " s t e a d y  s t a t e "
/T a b l e  28 
D isk  V a r i a b i l i t y  S t u d i e s  
(S e a b ro o k  RBC) 
P r o t o z o a  and Metazoa Obse rved
Position O percularia P y x id ie lla R o tife rs S uctoria Nematodes G iant Amoebae
I out 3854 14 4 1 0 0
2  out 3124 13 3 5 3 0
3 out 2857 8 2 2 0 2
4 out 3037 24 1 0 0 0
4 mid 3235 26 4 3 0 0
O percu laria P y x id ie lla R o tife rs S uctoria Nematodes G iant Amoebae V o r t ic e lla  C in e to ch ik m
12-3-82 1 out 3051 2 2 1 4 1 0 0 0
1 mot 3662 14 1 2 0 1 0 0
1 min 2058 17 1 2 0 2 1 0
1 in 3703 37 0 6 0 2 0 0
2  out 4450 39 4 8 0 0 0 0
3 out 3592 13 1 4 0 0 0 0
3 mot 5741 26 2 7 0 0 0 0
3 min 3475 36 4 8 1 1 0 0
3 in 5236 43 1 6 0 0 1 0
4 out 3612 48 3 9 1 1 2 1
November
December
T ab le  29 
Two-Way A n a l y s i s  o f  V a r ia n c e  
D isk  V a r i a b i l i t y  S t u d i e s  
Seabrook  RBC 
(Ranked D a ta )
22, 1982 
























Due to Degrees o f Freedom Sum o f Squares Mean Squares - c a l -
69 .6
£ .0 5 -
2 .17
H
Species 7 35502.6 5071.8
- o -
R eject
P osition 9 1014.4 112.7 1.55 2.04 Accept
E rror 63 4591.0 72 .9
Total 79 41108.0
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o p e r a t i o n .  U n f o r t u n a t e l y  l e s s  t h a n  24 h b e f o r e  t h e  f i r s t  e x a m i n a t i o n  t h e  
p l a n t ' s  a n a e r o b i c  d i g e s t o r  m a l f u n c t i o n e d .  As a r e s u l t  v e r y  s t r o n g  a n a e r o ­
b i c  s u p e r n a t a n t  was d i s c h a r g e d  ( a t  20 min i n t e r v a l s )  d i r e c t l y  i n t o  t h e  
head end o f  t h e  RBCs. T h i s  s i t u a t i o n  p e r s i s t e d  f o r  a p p r o x i m a t e l y  one 
week.  The e f f l u e n t  BOD^, which  had p r e v i o u s l y  a v e r a g e d  23 m g / l i t e r ,  
measured  39 m g / l i t e r  f o u r  days  a f t e r  t h e  f a i l u r e .  A f t e r  10 days  e f f l u e n t  
q u a l i t y  r e t u r n e d  t o  v a l u e s  be tween  26-30  m g / l i t e r  BOD^; however ,  u p s e t s  
c o n t i n u e d  t o  o c c u r  on an i r r e g u l a r ,  s h o r t - t e r m  b a s i s .  The r e s u l t s  o f  t h e  
f i r s t  week o f  m o n i t o r i n g  a r e  shown in  F i g u r e  52. (N o te :  t h e  d o t  c o u n t i n g  
s l i d e  t e c h n i q u e  was u sed  on t h e s e  s a m p l e s . )  The numbers o f  t y p e s  o f  
o rg a n i s m s  o b s e r v e d  g e n e r a l l y  i n c r e a s e d  t h r o u g h  t h e  u n i t s .  The change  in  
number o f  s p e c i e s  p r e s e n t  was most  d r a m a t i c  be tween  t h e  f i r s t  s h a f t s  
l o c a t e d  i n  t h e  f i r s t  com par tm en t  and t h e  r e s t  o f  t h e  s h a f t s .  D i f f e r e n c e s  
in  t y p e s  p r e s e n t  among t h e  l a s t  f o u r  s h a f t s  was m in im a l .  From t h e  g r a p h s  
i t  i s  a p p a r e n t  t h a t  a l a r g e  number o f  Uronema were  p r e s e n t .  Most o t h e r  
t y p e s  were  p r e s e n t  i n  low numbers e x c e p t  f o r  g i a n t  amoebae and E p i s t y l i s . 
E p i s t y l i s  d e c r e a s e d  i n  number and f i n a l l y  d i s a p p e a r e d  s i x  days  a f t e r  t h e  
d i g e s t o r  u p s e t .  Only a few o rg a n i s m s  were  s e e n  which  had n o t  been  o b s e r v e d  
in  t h e  W.R.C. s t u d i e s .  Pa ram ec ium , l a r g e  L i t o n o t u s - 1 i k e  s p e c i e s  ( a p p r o x i ­
m a te ly  200pm l e n g t h ) ,  b r i s t l e  worms, A s p i d i s c a - l i k e  s p i r o t r i c h s  and 
E p i s t y l i s  were  u n iq u e  t o  t h e  Amer ican  p l a n t s .
A lmost  two weeks a f t e r  t h e  i n i t i a l  d i g e s t o r  p ro b lem  d e v e l o p e d  
t h e  same t h i n g  r e o c c u r r e d ,  a g a i n  l e s s  t h a n  24 h b e f o r e  m o n i t o r i n g .
Dot c o u n t i n g  e n u m e r a t i o n  r e v e a l e d  a h ig h  number o f  Uronema and g i a n t  
amoebae ( F i g u r e  5 3 ) .  Epi s t y l i s  was p r e v a l e n t  i n  t h e  l a s t  com par tm en t .
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Figure 52. Ellsworth , Maine RBC -  Protozoa and Metazoa October 13,
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Figure 53. Ellsworth , Maine RBC -  Protozoa and Metazoa October 25,
1982 (Dot Count S l i d e  Method)
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i n d i v i d u a l s  p e r  p o p u l a t i o n  were  r e d u c e d  from t h e  p r e v i o u s  p e r i o d .  
S c a n n in g  s l i d e  a n a l y s i s  i n d i c a t e d  t h a t  few o r g a n i s m s  were  s u r v i v i n g  on 
t h e  f i r s t  s h a f t ,  w h e reas  a s u b s t a n t i a l  number o f  v a r i o u s  t y p e s  o f  
o rg a n i s m s  t h r i v e d  on s h a f t s  2 and 3 ( F i g u r e  5 4 ) .  These  o rg a n i s m s  were  
u s u a l l y  more t o l e r a n t  t y p e s  such  as  O p e r c u l a r i a  and Paramecium. 
Compar tment 2 ,  s h a f t  3 had t h e  h i g h e s t  numbers and t y p e s  o f  o rg a n i s m s  
o f  b o th  t h e  u b i q u i t o u s  and l e s s  t o l e r a n t  s p e c i e s .  The l a s t  two s h a f t s  
had sm al l  p o p u l a t i o n s  o f  t h e  u b i q u i t o u s  t y p e s  and more o f  t h e  s p e c i e s  
w hich  had been  a s s o c i a t e d  i n  t h e  W.R.C. s t u d i e s  w i t h  h i g h e r  q u a l i t y  
e f f l u e n t .
F iv e  weeks a f t e r  t h e  o r i g i n a l  o b s e r v a t i o n s  were  made,  a f i n a l  
m o n i t o r i n g  e f f o r t  was c o n d u c t e d  on t h e  l a s t  t h r e e  co m p ar tm e n ts .
E f f l u e n t  q u a l i t y  was be low 30 m g / l i t e r  BOD^. A d e c r e a s e  i n  t h e  amount 
o f  Uronema p r e s e n t  was n o t i c e a b l e  ( F i g u r e  5 5 ) .  The o p e r a t o r  r e p o r t e d  
t h a t  u p s e t  c o n d i t i o n s  were  s t i l l  o c c u r r i n g  i n f r e q u e n t l y .  E p i s t y l i s , 
r o t i f e r s  and g i a n t  amoebae were  w e l l  r e p r e s e n t e d  i n  t h e  com m un i t ie s  
and e s p e c i a l l y  in  t h e  f o u r t h  com par tm en t  w h e re ,  e x c e p t  f o r  b r i s t l e ­
worms, t h e y  were t h e  p r e d o m i n a n t  t y p e s  p r e s e n t .
E x p e r im e n t  2
Old Town, M aine . The Old Town e f f l u e n t  a v e r a g e s  25 m g / l i t e r  
BOD^. The p l a n t  i s  n o t  a s  s u b j e c t  t o  u p s e t  a s  E l l s w o r t h  b e c a u s e  
a n a e r o b i c  d i g e s t o r s  a r e  n o t  u sed .  As a r e s u l t  " s t e a d y - s t a t e "  o p e r a ­
t i o n  e x i s t e d  when m o n i t o r i n g  o c c u r r e d .  The number o f  t y p e s  o f  o r g a ­
nisms o b s e r v e d  i n c r e a s e d  t h r o u g h  t h e  u n i t ,  w i t h  an e x c e p t i o n  o f  t h e  
t h i r d  and f o u r t h  s h a f t s  which  showed t h e  r e v e r s e  t r e n d  ( F i g u r e  5 6 ) .
Few o rg a n i s m s  s u r v i v e d  on t h e  f i r s t  s h a f t .  R o t i f e r s ,  however ,  a p p e a r e d  
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Figure 54. E ll sworth ,  Maine RBC -  Protozoa and Metazoa October 25,
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p r e d o m i n a n t  o rg a n i s m s  on a l l  o f  t h e  s h a f t s .  A p r o f i l e  o f  t h e  s h a f t s  
shows t h a t  nematodes  and O p e r c u l a r i a  were  m a jo r  c o n s t i t u t e n t s  o f  e a r l y  
and m id d le  s h a f t s .  On t h e  l a s t  t h r e e  s h a f t s  g i a n t  amoebae were  p r e s e n t  
in  s u b s t a n t i a l  numbers .  E p i s t y l i s  p o p u l a t i o n s  a l s o  became l a r g e r  on 
t h e  l a s t  t h r e e  s h a f t s .  B r i s t l e w o r m s ,  which  f i r s t  a p p e a r e d  on t h e  
t h i r d  s h a f t ,  became more numerous  on eac h  s u c c e s s i v e  s h a f t .  The f i f t h  
s h a f t  showed t h e  g r e a t e s t  number o f  ty p e s  o f  o r g a n i s m s ;  however ,  most  
p o p u l a t i o n s  e x c e p t  f o r  b r i s t l e w o r m s ,  g i a n t  amoebae,  r o t i f e r s  and 
E p i s t y l i s , were r e p r e s e n t e d  by l e s s  t h a n  f i v e  i n d i v i d u a l s .
W i l t o n ,  M aine . The W i l to n  W a s te w a te r  p l a n t  u s e s  a n a e r o b i c  
d i g e s t o r s  f o r  s l u d g e  t r e a t m e n t .  U n l ik e  t h e  E l l s w o r t h  f a c i l i t y ,  how­
e v e r ,  W i l to n  e x p e r i e n c e s  few u p s e t s ,  most  p r o b a b l y  b e c a u s e  o f  t h e  h igh  
(50%) p e r c e n t a g e  o f  e f f l u e n t  r e c y c l i n g  and t h e  low l o a d i n g  on t h e  
d i g e s t o r .  D i g e s t o r  s u p e r n a t a n t  i s  r e t u r n e d  t o  t h e  headworks  o f  t h e  
p l a n t .  E f f l u e n t  BOD^ u s u a l l y  a v e r a g e s  25 m g / l i t e r .
The numbers o f  s p e c i e s  o b s e r v e d  i n c r e a s e d  t h r o u g h  t h e  u n i t  
( F i g u r e  57 ) .  U n l ik e  Old Town, which d i s c h a r g e s  e f f l u e n t  o f  a s i m i l a r  
BODg, t h e  W i l to n  b i o f i l m  c o m m u n i t ie s  a r e  n o t  do m in a te d  by such  h igh  
numbers o f  g i a n t  amoebae,  r o t i f e r s ,  and E p i s t y l i s . Though each  o f  
t h e s e  o rg a n i s m s  a p p e a r e d  i n  h ig h  numbers on v a r i o u s  s h a f t s ,  t h e y  d id  
n o t  a l l  a p p e a r  t o g e t h e r  i n  h ig h  numbers .  Pseudoglaucom a p o p u l a t i o n s  
became more s u b s t a n t i a l  t h r o u g h  t h e  u n i t ,  w h i l e  O p e r c u l a r i a  and 
V o r t i c e l l a  m ic ro s to m a  p o p u l a t i o n s  d e c r e a s e d  i n  s i z e .  There  were 
g e n e r a l l y  many p o p u l a t i o n s  p r e s e n t ,  e s p e c i a l l y  in  t h e  f i n a l  c o m p a r t ­
m en t ,  and a l l  s p e c i e s  were  r e p r e s e n t e d  by be tween  5 and 50 o rg a n i s m s .
P l a i n v i l l e ,  C o n n e c t i c u t . The e f f l u e n t  q u a l i t y  o f  t h e  P l a i n -  
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due t o  t h e  a d d i t i o n  o f  p o ly m er  which  removes much o f  t h e  s u s p e n d e d  
m a t t e r  from t h e  RBC e f f l u e n t .  O b s e r v a t i o n s  o f  t h e  RBCs r e v e a l e d  t h a t  
g row th  became p r o g r e s s i v e l y  h e a v i e r  from one end o f  t h e  s h a f t  to w a rd s  
t h e  o t h e r .  T h i s  p a t t e r n  was e x h i b i t e d  on a l l  s h a f t s  i n  a l l  bays .  
P l a i n v i l l e  o f f i c i a l s  b e l i e v e  t h a t  t h e r e  i s  a s l i g h t  s l o p e  i n  t h e  
b u i l d i n g  as  a r e s u l t  o f  c o n s t r u c t i o n  e r r o r s .  The m a j o r i t y  o f  s o l i d s  
and  f lo w  t r a v e l s  to w a rd  one end  o f  t h e  t a n k s .  T h e r e f o r e ,  t h e  l o a d i n g  
i s  h e a v i e r  on t h e  d o w n h i l l  end o f  t h e  s h a f t s .  In a d d i t i o n ,  t h e  RBCs 
r e c e i v e  a n a e r o b i c  d i g e s t o r  s u p e r n a t a n t  f o r  l ^ e a c h  day.
Only t h e  l a s t  s h a f t  i n  each  bay was examined a t  t h e  P l a i n v i l l e  
p l a n t .  The numbers and t y p e s  o f  o rg a n i s m s  o b s e r v e d  were  s i m i l a r  on 
a l l  o f  t h e  t e r m i n a l  s h a f t s  i n  t h e  f a c i l i t y  e x c e p t  f o r  t h e  one i n  t h e  
se c o n d  bay.  On t h a t  s h a f t  f o u r  f ew er  s p e c i e s  were  o b s e r v e d  on t h e  
u p h i l l  s i d e  o f  t h e  s h a f t .  G i a n t  amoebae and E p i s t y l i s  a p p e a r e d  in  
l a r g e  numbers ,  u s u a l l y  be tw een  50 and 200 i n d i v i d u a l s  ( F i g u r e  5 8 ) .  
O p e r c u l a r i a  and V o r t i c e l l a  m ic ro s to m a  were  p r e s e n t ,  a v e r a g i n g  be tween  
5 and 10 i n d i v i d u a l s .  T r a c h e l o p h y l 1 urn, b r i s t l e w o r m s ,  n e m a to d e s ,  and 
A s p i d i s c a  a l s o  a p p e a r e d  r e g u l a r l y ,  th ough  u s u a l l y  l e s s  t h a n  10 i n d i v i ­
d u a l s  were  s i g h t e d .  In  a l l  b u t  one o f  t h e  sam ples  r o t i f e r s  were  
p r e s e n t ,  r a n g i n g  be tween  5 t o  50 i n d i v i d u a l s .
L i n c o l n ,  M aine . The L i n c o ln  t r e a t m e n t  p l a n t  i s  r e l a t i v e l y  new 
( s i x  months o l d  when ex am in ed )  and v e r y  u n d e r l o a d e d .  U n l ik e  t h e  
E l l s w o r t h ,  W i l t o n ,  and P l a i n v i l l e  p l a n t s ,  i t  r e c e i v e s  no a n a e r o b i c  
d i g e s t o r  s u p e r n a t a n t .  E f f l u e n t  BOD^ a v e r a g e s  15 m g / l i t e r .  The f e w e s t  
t y p e s  o f  o rg a n i s m s  were  o b s e r v e d  in  t h e  L i n c o ln  RBC b i o f i l m s  ( F i g u r e  
5 9 ) .  The numbers o f  s p e c i e s  o b s e r v e d  t h r o u g h  t h e  u n i t  g e n e r a l l y  


















V ortice lla  







10 100 1000 10 100 1000'  10 100 1000 10 100 1000 10 100 1000
6 / 1/1 6/1 / 2 6 / 2/ 1 6 / 2 / 2 6 / 3 / 1
Comp./Bay/Position 
NUMBER OF IN D IV ID U A LS
Figure 58. P l a i n v i l l e ,  C o n n e c t i c u t  RBCs -  P r o t o z o a  and Metazoa 




























10 100 1000 
1 /Influent
10 100 1000 
I /  Inf luent
10 100 1000 
2 /ln f lu e n t
10 100 1000 
2 /E ff lu e n t
10 100 1000 
3 / E f f l u e n t
C om p./Position  
NUMBER OF INDIVIDUALS
Figure 59. Lincoln, Maine RBC -  Protozoa and Metazoa (Scan
S l id e  Method)
176
c om par tm e n t ,  how ever ,  was h i g h e r  t h a n  in  t h e  l a s t  com par tm en t .  
O p e r c u l a r i a  and nem atodes  g r a d u a l l y  d e c r e a s e d  in  number t h r o u g h  t h e  
u n i t  a f t e r  i n c r e a s i n g  from t h e  f i r s t  t o  s e c o n d  s a m p l in g  s i t e .  Con­
c u r r e n t l y ,  r o t i f e r s ,  g i a n t  amoebae,  and E p i s t y l i s  i n c r e a s e d  t h e i r  
numbers to w a rd  t h e  e f f l u e n t  end o f  t h e  u n i t .  The t o t a l  number o f  
o rg an is m s  p r e s e n t  a c t u a l l y  d e c r e a s e d  a t  t h e  end o f  t h e  u n i t ;  however ,  
f i l m  on t h a t  s u r f a c e  was v e r y  t h i n  ( l e s s  t h a n  0 . 5  mm) and o f t e n  n o t  
v i s i b l e .
IV. DISCUSSION
P hase  I -  I n i t i a l  B i o f i l m  S t u d i e s
T h i s  f i r s t  p a r t  o f  t h e  r e s e a r c h ,  c o n d u c t e d  i n  t h e  U n i t e d  
S t a t e s ,  s e r v e d  t o  document f o r  t h e  f i r s t  t i m e  t h e  m o r p h o l o g ic a l  and 
u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  m i c r o o r g a n i s m s  l i v i n g  in  t h e  b i o ­
f i l m s  o f  t h e  f i r s t  com par tm en t  o f  RBCs. I t  i s  i m p o r t a n t  t o  n o t e ,  
however ,  t h a t  o n l y  f i r s t  com par tm en t  f i l m s  were  examined so p r o f i l e s  
t h r o u g h o u t  t h e  u n i t  c o u l d  n o t  be e s t a b l i s h e d  b a s e d  s o l e l y  on t h i s  
p h as e  o f  t h e  r e s e a r c h .  T h i s  i n f o r m a t i o n  i s  s i g n i f i c a n t  b e c a u s e  a v a i l ­
a b l e  d a t a  on t h e  p h y s i o l o g y  and e c o l o g y  o f  t h e  f i r s t  com par tment  
m i c r o o r g a n i s m s  i s  q u i t e  l i m i t e d .  I t  a l s o  p r o v i d e d  i n f o r m a t i o n  on t h e  
c o n t a c t o r  m i c r o o r g a n i s m s  as  t h e y  o c c u r  in  t h e i r  n a t u r a l  e n v i r o n m e n t ,  
t h e r e b y  l e a d i n g  t o  c o n c l u s i o n s  s u i t a b l e  f o r  p r a c t i c a l  a p p l i c a t i o n s .
The p r e d o m i n a n t  o rg a n i s m  i n  t h e  b i o f i l m s  examined  in  t h e s e  
i n i t i a l  s t u d i e s  was a f i l a m e n t o u s  b a c t e r i u m  c o n s i s t i n g  o f  r o d - s h a p e d  
c e l l s  e n c l o s e d  by a common s h e a t h .  The d a t a  p r e s e n t e d  s u g g e s t  s t r o n g l y  
t h a t  t h i s  b a c t e r i u m  i s  a S p h a e r o t i l u s  s p e c i e s ,  b a s e d  on t h e  ta x o n o m ic  
s t r u c t u r e  o f  t h e  S p h a e r o t i 1 u s - L e p t o t h r i x  g roup  r e c e n t l y  e s t a b l i s h e d  by 
van Veen e t  a l . ( 1 9 5 8 ) .  The p r i n c i p a l  c r i t e r i a  f o r  i d e n t i f i c a t i o n  o f  
S p h a e r o t i l u s , a t  t h e  genus  l e v e l ,  a r e  b a s e d  on m i c r o s c o p i c  e x a m i n a t i o n ,  
on i s o l a t i o n ,  and on r u l i n g  o u t  o t h e r  f i l a m e n t o u s  forms (D ondero ,
1975).  The l i g h t  m i c r o s c o p i c a l  morphology o f  t h e  b i o f i l m  o rg an is m  was 
i d e n t i c a l  t o  t h a t  d e s c r i b e d  as  S p h a e r o t i 1 us by s e v e r a l  a u t h o r s  (D ondero ,  
1975;  H o e n ig e r  e t  a l . ,  1973;  Mulder  and van Veen,  1963;  S t o k e s ,  1954;
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van Veen e t  a l .  1 9 7 8 ) ,  w i t h  r e g a r d  t o  b o th  t h e  s h e a t h  c h a r a c t e r i s t i c s  
and t h e  m orphology  o f  t h e  c e l l s  w i t h i n  t h e  s h e a t h .  O th e r  f i l a m e n t o u s  
forms were  e l i m i n a t e d  b e c a u s e  t h e  c o n t a c t o r  b a c t e r i u m  l a c k e d  ( i )  t h e  
u l t r a s t r u c t u r a l  f e a t u r e s  o f  c y a n o b a c t e r i a ,  ( i i )  e n d o s p o r e s ,  ( i i i )  
c r o s s - w a l l s ,  and ( i v )  a c t i v e  m o t i l i t y .  In a d d i t i o n ,  t h e  f i l a m e n t s  
i s o l a t e d  on b o th  CGY and GG media  were  s i m i l a r  t o  S p h a e r o t i 1 us i s o ­
l a t e s  d e s c r i b e d  by Dondero e t  a l .  ( 1 9 6 1 ) .  The u l t r a s t r u c t u r a l  c h a r a c ­
t e r i s t i c s  o f  t h e  f i l a m e n t s  in  t h e  b i o f i l m  were  a l s o  s i m i l a r  t o  t h o s e  
o f  S p h a e r o t i 1 us s p e c i e s  s t u d i e d  i n  p u r e  c u l t u r e  ( D o e t s c h ,  1966;  Hoeni-  
g e r  e t  a l . ,  1973;  S t o k e s ,  1954;  van Veen e t  a l . ,  1 978 ) ,  e s p e c i a l l y  t h e  
s t r a i n  d e s c r i b e d  by P e t i t p r e z  e t  a l . ( 1 9 6 9 ) .  The p r i n c i p a l  s i m i l a r i ­
t i e s  i n  u l t r a s t r u c t u r e  i n c l u d e d  s h e a t h  m orpho logy ,  w a l l  s t r u c t u r e ,  
p r e s e n c e  o f  p o l y - p - h y d r o x y b u t y r a t e  (PHB) g r a n u l e s ,  and p r e s e n c e  o f  
p r o m i n e n t  mesosomes.  Taken t o g e t h e r ,  t h e  above o b s e r v a t i o n s  l e a v e  
l i t t l e  d o u b t  t h a t  t h e  p r e d o m i n a n t  f i l a m e n t s  i n  t h e  c o n t a c t o r  b i o f i l m s  
were  members o f  t h e  genus  S p h a e r o t i l u s . The d a t a  p r e s e n t e d  h e r e  d i d  
n o t  p e r m i t  i d e n t i f i c a t i o n  o f  t h e  b i o f i l m  f i l a m e n t s  a t  t h e  s p e c i e s  
l e v e l ,  and no f u r t h e r  a t t e m p t  was made t o  do t h i s  b e c a u s e  t h e  taxonomy 
o f  t h e  S p h a e r o t i 1 u s - L e p t o t h r i x  g roup  has  been  somewhat c o n t r o v e r s i a l  
(D ondero ,  1975; E ike lboom ,  1975;  P r i n g s h i e m ,  1949;  van Veen e t  a l . ,  
1978).
The p r e s e n c e  o f  S p h a e r o t i l u s  a s  t h e  p r e d o m i n a n t  f i l a m e n t o u s  form 
in  t h e  RBC b i o f i l m s  exam ined  h e r e  i s  s i g n i f i c a n t  i n  view o f  t h i s  
o r g a n i s m ' s  m e t a b o l i c  c a p a b i l i t i e s .  I n i t i a l l y ,  t h e  i r o n  e n c r u s t a t i o n  
on i t s  s h e a t h  l e d  i n v e s t i g a t o r s  t o  b e l i e v e  S p h a e r o t i l u s  was an a u t o ­
t r o p h  (W inogra dsky ,  1888; 1922) .  However,  i t  i s  now c o n s i d e r e d  t o  be
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an a e r o b i c  h e t e r o t r o p h  (D o n d e ro ,  1961;  P e t i t p r e z  and L e c l e r c ,  1969;
van Veen e t  a l . , 1978) .  S p h a e r o t i 1u s - b a s e d  f i l m s  g row ing  i n  l a b o r a -
2
t o r y  and n a t u r a l  e n v i r o n m e n t s  can remove 0 . 5 - 7 . 4  g o r g a n i c  C/m *d 
( C a p b la n c q  and C a s s a n ,  1979;  C u r t i s  e t  a l . ,  1971) s u g g e s t i n g  t h a t  t h i s  
b a c t e r i u m  may c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  o r g a n i c  u p t a k e  c a p a c i t y  
o f  t h e  c o n t a c t o r  b i o f i l m .  Though S p h a e r o t i 1 us r e q u i r e s  oxygen as a 
t e r m i n a l  e l e c t r o n  a c c e p t o r ,  i t  can  f u n c t i o n  in  m i c r o a e r o p h i l i c  c o n d i ­
t i o n s  ( D ia s  e t  a l . , 1968,  van Veen e t  a l .  1978) .  T h i s  i s  p a r t i c u l a r l y  
s i g n i f i c a n t  b e c a u s e  t h e  f i l a m e n t s  may c o n t i n u e  t o  remove o r g a n i c  
c a rb o n  from t h e  w a s t e  s t r e a m  u n d e r  o x y g e n - l i m i t e d  c o n d i t i o n s  which may 
e x i s t  w i t h  d e p t h  in  t h e  b i o f i l m .  S p h a e r o t i 1 us can  e x i s t  as  a f i l a m e n t  
o r  f r ee - s w im m in g  f l a g e l l a t e d  c e l l  ( P e t i p r e z  and Le C l e r c ,  1969;  Phaup,  
1968;  S t o k e s ,  1954) .  I t s  v a r i a b l e  morphology may a l s o  be u n i q u e l y  
s u i t e d  t o  t h e  c o n t a c t o r  p r o c e s s .  Swarmers may r a p i d l y  r e c o l o n i z e  d i s k  
s u r f a c e s  a f t e r  s l o u g h i n g ,  and f i l a m e n t s  may a t t a c h  t o  t h e  d i s k s  a n d / o r  
s e r v e  a s  a s t a b i l i z i n g  s t r u c t u r a l  f o r c e  w i t h i n  t h e  b i o f i l m .  The 
maximum grow th  o f  S p h a e r o t i l u s  o c c u r s  when t h e  f l u i d  v e l o c i t y  i s  
be tween  0 . 1 8  and 0 .4 5  m/s (Phaup and Gannon, 1967) ;  t h e s e  v e l o c i t i e s  
c o i n c i d e  w i t h  t h e  o p t i m a l  r o t a t i o n a l  s p e e d s  u sed  f o r  r o t a t i n g  b i o l o g i ­
ca l  c o n t a c t o r s  ( A n t o n i e ,  1976;  F r iedm an e t  a l . ,  1979) .
The u l t r a s t r u c t u r e  o f  a b a c t e r i a l  c e l l  can  somet imes  be i n d i c a ­
t i v e  o f  t h e  m i c r o o r g a n i s m ' s  p h y s i o l o g i c a l  c o n d i t i o n .  The d a t a  in  t h i s  
s t u d y  c o n f i r m  t h e  p r e s e n c e  o f  a m e t a b o l i c a l l y  a c t i v e  p o p u l a t i o n  i n  t h e  
b i o f i l m .  I t  was a p p a r e n t  t h a t  t h e  p o p u l a t i o n  was q u i t e  a c t i v e  from 
( i )  t h e  numbers o f  c e l l s  s e e n ,  ( i i )  t h e  v a r i a t i o n s  in  c e l l  s i z e ,  ( i i i )  
t h e  p r e s e n c e  o f  m i c r o c o l o n i e s ,  and ( i v )  t h e  p r e s e n c e  o f  d i v i d i n g  c e l l s  
w i t h i n  t h e s e  m i c r o c o l o n i e s .  The p r e s e n c e  o f  mesosomes in  b o th  f i l a -
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mentous  and n o n - f i l a m e n t o u s  c e l l s  may a l s o  be e v i d e n c e  o f  a c t i v e  
m e ta b o l i s m  and g row th .  A l th o u g h  mesosomes a r e  c u r r e n t l y  somewhat 
c o n t r o v e r s i a l  in  t e rm s  o f  t h e i r  t r u e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  
and t h e i r  f u n c t i o n s  ( i f  any )  in  t h e  b a c t e r i a l  c e l l ,  t h e y  a r e  o f t e n  
s e e n  in  d i v i d i n g  c e l l s  o r  m e t a b o l i c a l l y  a c t i v e  c e l l s  ( G r e e n a w a l t  and 
W h i t e s i d e ,  1975) .
Both t h e  S p h a e r o t i 1 us f i l a m e n t s  and many o f  t h e  n o n - f i l a m e n t o u s  
b a c t e r i a  c o n t a i n e d  PHB g r a n u l e s .  From t h e s e  i n i t i a l  s t u d i e s  on f i r s t  
com par tm en t  b i o f i l m s  i t  become c l e a r  t h a t  PHB was an i m p o r t a n t  s t o r a g e  
p r o d u c t .  ( P r o f i l e s  o f  PHB t h r o u g h o u t  t h e  RBCs w i l l  be d i s c u s s e d  in  
t h e  f o l l o w i n g  s e c t i o n . )  PHB i s  s t o r e d  by b a c t e r i a l  c e l l s  when t h e  
c a rb o n  c o n c e n t r a t i o n s  a v a i l a b l e  i n  t h e  e n v i ro n m e n t  a r e  n o t  l i m i t i n g  
(Fukui e t  a l . ,  1976; H o e n ig e r  e t  a l . ,  1973) .  The l a r g e  number o f  PHB 
g r a n u l e s  found  in  t h e  c o n t a c t o r  b a c t e r i a  i n d i c a t e s  t h a t  e x c e s s  c a rb o n  
was p r e s e n t  and had been  m e t a b o l i z e d .  The s t o r a g e  o f  PHB by t h e s e  
b a c t e r i a  may s e r v e  as  an i m p o r t a n t  i n t r a c e l l u l a r  s i n k  f o r  o r g a n i c  
c a rb o n  in  c o n t a c t o r s .  PHB can  a c c o u n t  f o r  1 1 - 2 2 .5  % o f  t h e  d ry  w e i g h t  
o f  S p h a e r o t i 1 us (Rouf  and S t o k e s ,  1962) and 1 2 . 0 - 5 0 . 5  % o f  t h e  d ry  
w e i g h t  o f  Z oo g lo ea  ( C r a b t r e e  e t  a l . ,  1965) .  The v a r i a t i o n  i n  t h e  
p e r c e n t  o f  c e l l  volume i n v o l v e d  i n  PHB s t o r a g e  may i n  p a r t  be a f u n c ­
t i o n  o f  t h e  amount o f  o r g a n i c  m a t t e r  a v a i l a b l e  t o  t h e  c e l l s .  T h e r e ­
f o r e ,  a s  t h e  d e g r a d a b l e  o r g a n i c  c o n c e n t r a t i o n  i n  t h e  w a s t e w a t e r  
i n c r e a s e s ,  t h e  b i o f i l m  b a c t e r i a  may s t o r e  more c a r b o n  as  PHB u n t i l  
some c r i t i c a l  amount o f  t h e  c e l l ' s  volume i s  o c c u p i e d  by t h i s  s ub ­
s t a n c e .  The s t o r a g e  o f  PHB, however ,  c a n n o t  be c o n s i d e r e d  e x c l u s i v e l y  
o f  o t h e r  c e l l u l a r  m e t a b o l i c  p r o c e s s e s  b e c a u s e  i t  a c t s  c o n c o m i t a n t l y  
w i t h  them i n  d e t e r m i n i n g  t h e  f a t e  o f  a s s i m i l a t e d  c a r b o n  in  t h e  b i o ­
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f i l m .  PHB a l s o  s e r v e s  as  a c a r b o n  and e n e r g y  s o u r c e  f o r  t h e  c e l l s  
d u r i n g  low n u t r i e n t  c o n c e n t r a t i o n s  ( P a r s o n s  and Dugan, 1971;  S to k e s  
and P a r s o n ,  1 9 6 8 ) ,  and i n  t h i s  c a p a c i t y  i t  may h e l p  m i t i g a t e  a g a i n s t  
t h e  e f f e c t s  o f  f l u c t u a t i n g  h y d r a u l i c  and o r g a n i c  l o a d i n g s  i n  t h e  
c o n t a c t o r .  In a d d i t i o n ,  PHB has been shown t o  a c c u m u l a t e  i n  some 
b a c t e r i a  d u r i n g  o x y g e n - 1imi t i n g  c o n d i t i o n s  b e c a u s e  t h e  r e d u c t i v e  
compound formed d u r i n g  t h e  p o l y m e r ' s  s y n t h e s i s  can  a c t  a s  a t e r m i n a l  
e l e c t r o n  a c c e p t o r  i n  p l a c e  o f  oxygen ( S e n i o r  e t  a l . ,  1972;  S e n i o r  and 
Dawes,  1973; Ward e t  a l . ,  1977) .  T h e r e f o r e ,  t h e  p r e s e n c e  o f  PHB in  
t h e  b a c t e r i a  o b s e r v e d  h e r e  may a l s o  i n d i c a t e  t h a t  oxygen c o n c e n t r a ­
t i o n s  a r e  l i m i t i n g  w i t h i n  t h e  b i o f i l m .
In  S p h a e r o t i ! u s , t h e  t h i c k n e s s  o f  t h e  s h e a t h  and t h e  f o r m a t i o n  o f  
an a d d i t i o n a l  l a y e r  o f  s h e a t h - l i k e  m a t e r i a l  has  been  o b s e r v e d  in  c e l l s  
ex p o s ed  t o  h ig h  o r g a n i c  l o a d i n g s  ( H o e n i g e r  e t  a l . ,  1973;  Phaup,  1968) .  
These  e x t e r n a l  c e l l  s t r u c t u r e s  may f u n c t i o n  in  a manner  s i m i l a r  t o  PHB 
a n d / o r  may a d d i t i o n a l l y  f u n c t i o n  l i k e  t h e  e x t r a c e l l u l a r  p o l y s a c c h a r i d e  
m a t r i c e s  d e s c r i b e d  f o r  f i l m - f o r m i n g  b a c t e r i a  ( J o y c e  and Dugan,  1 9 7 0 ) ) .  
In  a e r o b i c  w a s t e  t r e a t m e n t  s y s t e m s ,  f i l m - f o r m i n g  b a c t e r i a l  m a t r i c e s  
a r e  i m p o r t a n t  as  ( i )  a s t o r e h o u s e  o f  c a r b o n  and e n e r g y ,  ( i i )  an e f f e c ­
t i v e  a d s o r b e n t  o f  m e t a l s  and o r g a n i c  compounds ,  ( i i i )  a f l o c - f o r m i n g  
mechanism, and ( i v )  a b u f f e r  d u r i n g  h ig h  c a r b o n  and n i t r o g e n  g row th  
c o n d i t i o n s  ( J o y c e  and Dugan, 1970) .  The e x t r a c e l l u l a r  l a y e r s  o f  
S p h a e r o t i ! u s  may s e r v e  s i m i l a r  f u n c t i o n s .
Some u n d e r s t a n d i n g  o f  t h e  e c o l o g i c a l  c o n d i t i o n s  in  t h e  b i o f i l m  
may a l s o  be drawn from ex a m in in g  t h e  b i o f i l m  m i c r o o r g a n i s m s .  Both 
l i g h t  and t r a n s m i s s i o n  e l e c t r o n  m ic ro s c o p y  r e v e a l e d  t h e  p r e s e n c e  o f  
many d i f f e r e n t  t y p e s  o f  b a c t e r i a l  c e l l s ,  a l o n g  w i t h  a few e u k a r y o t i c
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forms and ( p o s s i b l y )  b a c t e r i o p h a g e .  T h i s  work s u p p o r t s  t h e  c o n t e n t i o n  
o f  o t h e r  r e s e a r c h e r s  who found  a v a r i e t y  o f  b a c t e r i a  p r e s e n t  in  w a s t e ­
w a t e r  t r e a t m e n t  sy s tem s  ( J a m e s ,  1964; L i g h t h a r t  and Loew, 1972; T a b e r ,  
1976;  Unz and Dondero ,  1970) .  The p r e s e n c e  o f  a d i v e r s e  b i o f i l m  
community may i n c r e a s e  t h e  a b i l i t y  o f  r o t a t i n g  b i o l o g i c a l  c o n t a c t o r s  
t o  d e g r a d e  e f f i c i e n t l y  w a s t e s  and w i t h s t a n d  e n v i r o n m e n t a l  f l u c t u a ­
t i o n s .  The p r e s e n c e  o f  a p p a r e n t  phage w i t h i n  t h e  c o n t a c t o r  m i c r o b i a l  
c e l l s  may be i n d i c a t i v e  o f  d e t e r i o r a t i n g  c o n d i t i o n s  i n  t h e  b i o f i l m .
The b a c t e r i o p h a g e  may a c t  as  n a t u r a l  enem ies  o f  b i o f i l m  b a c t e r i a  and 
may r e d u c e  t h e i r  a b i l i t y  t o  a s s i m i l a t e  o r g a n i c  m a t t e r  from t h e  w a s t e ­
w a t e r .
P h as es  I I - I V  -  Water  R e s e a rc h  C e n t r e ,
D isk  V a r i a b i l i t y  and RBC W a s te w a te r  T r e a tm e n t  
P l a n t  S t u d i e s
B a c t e r i a
Sewage i s  a p o o r  g row th  medium f o r  m i c r o o r g a n i s m s .  The C:N:P 
c o m p o s i t i o n  o f  most  c e l l s ,  b a s e d  upon r e s e a r c h  w i t h  m a r in e  p h y t o p l a n k ­
t o n ,  i s  105 :15 :1  ( R e d f i e l d ,  1958) .  A t h e o r e t i c a l l y  i d e a l  g rowth  
medium ( a s s u m in g  50% c a r b o n  a s s i m i l a t i o n )  w ould ,  t h e r e f o r e ,  c o n t a i n  
c a r b o n ,  n i t r o g e n ,  and p h o s p h o ru s  i n  a r a t i o  o f  1 0 0 :1 4 : 3  ( l a  R i v i e r e ,  
1977) .  S e t t l e d  d o m e s t i c  sewage,  however ,  has  a C:N:P r a t i o  o f  
8 6 : 2 9 : 3 .  The n e c e s s a r y  C:S r a t i o  f o r  m i c r o o r g a n i s m s  i s  300:1 
( A l e x a n d e r ,  1977) w h e reas  t h e  C:S r a t i o  a v a i l a b l e  i n  sewage i s  12:1 
( M e t c a l f  and Eddy,  1972) .  Carbon ( o r g a n i c  m a t t e r ) ,  n i t r o g e n ,  (ammonia 
and o r g a n i c  N),  p h o s p h o r u s ,  ( o r t h o p h o s p h a t e ,  o r g a n i c  p h o s p h o r u s )  and 
s u l f u r  ( o r g a n i c  s u l f u r ,  s u l f a t e )  a r e  a l l  a v a i l a b l e  i n  forms u s e a b l e  by 
t h e  m i c r o o r g a n i s m s .
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For  a e r o b i c  r e s p i r a t i o n  t o  o c c u r  1 .065  mg O2 m us t  be u sed  f o r  
e v e r y  mg o f  BOD^ c o m p l e t e l y  o x i d i z e d  (Sawyer and McCar ty ,  1978) .  The 
a v e r a g e  BOD  ^ o f  a s e t t l e d  d o m e s t i c  w a s t e w a t e r  i s  200 m g / l i t e r ,  which 
t y p i c a l l y  r e p r e s e n t s  70 -8 0  % o f  t h e  BOD^ (W ate r  P o l l u t i o n  C o n t ro l  
F e d e r a t i o n ,  1977) .  The maximum m i c r o b i a l  oxygen r e q u i r e m e n t  f o r  
c o m p le te  breakdown o f  t h i s  o r g a n i c  m a t t e r  would  be a p p r o x i m a t e l y  213 
mg 0 2 / l i t e r .  From t h e s e  c a l c u l a t i o n s  i t  becomes a p p a r e n t  t h a t  a l a r g e  
amount o f  oxygen must  be t r a n s f e r r e d  t o  t h e  s u r f a c e  o f  and i n t o  t h e  
c e l l s  f o r  a e r o b i c  r e s p i r a t i o n  t o  o c c u r .  Chen and Bungay (1981 )  found  
t h a t  d i s s o l v e d  oxygen c o n c e n t r a t i o n s  f e l l  t o  z e r o  w i t h i n  100-200 pm o f  
t h e  w a t e r - b i o f i l m  i n t e r f a c e  in  t r i c k l i n g  f i l t e r  s l i m e s  t r e a t i n g  a 
d o m e s t i c  sewage.  T h e i r  d a t a  i n d i c a t e  t h a t  oxygen may l i m i t  c o m p le te  
a e r o b i c  o x i d a t i o n  o f  o r g a n i c  m a t t e r  w i t h i n  b i o f i l m s .
Under o x y g e n - 1imi t i n g  c o n d i t i o n s  many b a c t e r i a  have t h e  a b i ­
l i t y  t o  s w i t c h  t o  a f a c u l t a t i v e  f e r m e n t a t i v e  mode o f  r e s p i r a t i o n .
T h i s  n o r m a l ly  o c c u r s  in  m i c r o a e r o p h i l i c  and a n o x i c  e n v i ro n m e n t s .  
U n f o r t u n a t e l y ,  t h e  e n e r g e t i c s  o f  f e r m e n t a t i v e  r e s p i r a t i o n ,  which 
p ro d u c e s  v a r i o u s  o r g a n i c  i n t e r m e d i a t e s  a s  w e l l  as  CO2 and u s e s  o r g a n i c  
m o l e c u l e s  a s  t e r m i n a l  e l e c t r o n  a c c e p t o r s ,  a r e  n o t  v e r y  e f f i c i e n t .  
A e ro b ic  r e s p i r a t i o n ,  which  r e q u i r e s  oxygen as  i t s  t e r m i n a l  e l e c t r o n  
a c c e p t o r ,  y i e l d s  -6 8 6  k c a l / m o l e  o f  g l u c o s e  e q u i v a l e n t s  o x i d i z e d  com­
p a r e d  w i t h  -1 7  t o  -49  k c a l / m o l e  g l u c o s e  e q u i v a l e n t s  o x i d i z e d  f o r  
f e r m e n t a t i o n  (C la y p o o l  and K ap lan ,  1974).
B i o f i l m s  Exposed t o  High ROLRs. T h e re  was a g r e a t  d i v e r s i t y
and h ig h  d e n s i t y  o f  c e l l s  i n  t h e  b i o f i l m s  exposed  t o  h ig h  ROLRs (g 
o
TOC/m *RT). The b a c t e r i a l  community a p p e a r e d  t o  be m e t a b o l i c a l l y  v e ry
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a c t i v e  and  c o n t a i n e d  many d i v i d i n g  c e l l s  w i t h  mesosomes and r i b o s o m e s .
A l a r g e  number o f  i n c l u s i o n s  r e s e m b l i n g  p o l y - p - h y d r o x y b u t y r a t e  (PHB)
were  p r e s e n t  i n  t h e  b a c t e r i a  o f  t h e  W.R.C. RBC b i o f i l m s .  The l a r g e s t
amounts  o f  t h e  P H B -l ike  i n c l u s i o n s  were  fo u n d  i n  t h e  most  h e a v i l y
lo a d e d  com par tm en ts  (up t o  75% o f  t h e  c e l l ' s  volume)  w i t h  a g r a d u a l
d e c r e a s e  i n  s t o r a g e  w i t h  d e c r e a s i n g  ROLR. When ROLR was l e s s  t h a n  
2
0 . 3 6  g TOC/m *RT, no PHB was o b s e r v e d .  PHB i s  s t o r e d  when c a r b o n  and 
e n e r g y  a r e  a v a i l a b l e  i n  e x c e s s  i n  t h e  e n v i ro n m e n t  ( S h i v e l y ,  1974)  and 
when oxygen i s  l i m i t i n g  ( M i t c h e l l  and Dawes,  1982;  S e n i o r  and Dawes, 
1973;  S e n i o r  e t  a l . ,  1972;  Ward e t  a l . ,  1977) .
S e v e r a l  o b s e r v a t i o n s  i n d i c a t e  t h a t  oxygen was l i m i t i n g  w i t h i n  
t h e  RBC b i o f i l m s  o b s e r v e d  i n  t h i s  r e s e a r c h .  S p i r o c h e t e s  were  o b s e r v e d  
i n  t h e  f i r s t  co m p ar tm e n ts  where  ROLRs were  v e r y  h ig h .  F r e e - l i v i n g  
ty p e s  o f  t h e s e  o r g a n i s m s  a r e  u s u a l l y  a n a e r o b i c  o r  f a c u l t a t i v e l y  a e r o b i c  
(B ro c k ,  1979) .  In  t h e  h e a v i l y  l o a d e d  com par tm en ts  t h e r e  were  many 
c e l l s  c o n t a i n i n g  i n c l u s i o n s  which  r e s e m b l e d  s u l f u r .  S u l f u r  s t o r a g e  
o c c u r s  i n  t h e  p r e s e n c e  o f  oxygen;  how ever ,  a s o u r c e  o f  H2S must  be 
a v a i l a b l e  t o  t h e  b a c t e r i u m  (B ro c k ,  1979) .  I t  i s  l i k e l y  t h a t  H2 S was 
b e i n g  p ro d u c e d  i n  t h e  i n n e r  l a y e r s  o f  t h e  f i l m  ( i )  d u r i n g  t h e  b r e a k ­
down o f  s u l f u r  c o n t a i n i n g  o r g a n i c  compound a n d / o r  ( i i )  d u r i n g  a n a e r o ­
b i c  r e s p i r a t i o n  by s u l f a t e  r e d u c i n g  b a c t e r i a .
G r a m - p o s i t i v e  b a c t e r i a  w ere  a l s o  v e r y  p r e v a l e n t  i n  t h e  f i r s t  
com par tm en t  f i l m s .  The h ig h  p e r c e n t a g e  o f  t h e s e  b a c t e r i a ,  which 
n o r m a l l y  a r e  n o t  p r e s e n t  i n  l e s s  h e a v i l y  l o a d e d  w a s t e w a t e r  t r e a t m e n t  
s y s t e m s ,  a l s o  i n d i c a t e s  m i c r o a e r o p h i l i c  o r  a n a e r o b i c  c o n d i t i o n s  p r o b a ­
b l y  e x i s t e d  (C h e s b r o ,  1983) .  N o rm a l ly ,  G r a m - p o s i t i v e  b a c t e r i a  do n o t  
o c c u r  i n  e n v i ro n m e n t s  where  c a rb o n  i s  l i m i t i n g .  C o s t e r t o n  e t  a l .
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( 1974 )  have s u g g e s t e d  t h a t  one r e a s o n  f o r  t h e  G r a m - p o s i t i v e  b a c t e r i a ' s  
i n a b i l i t y  t o  compete w i t h  G r a m - n e g a t iv e  b a c t e r i a  f o r  a l i m i t e d  pool  o f  
o r g a n i c  c a rb o n  may be b e c a u s e  t h e  G r a m - p o s i t i v e s  l a c k  a p e r i p l a s m i c  
s p a c e .  T h i s  s p a c e ,  which l i e s  be tween  t h e  c e l l  w a l l  and c e l l  membrane 
in  G r a m - n e g a t iv e  b a c t e r i a ,  i s . a  s t o r a g e  a r e a  f o r  enzymes and b i n d i n g  
p r o t e i n s .  When o r g a n i c  m a t t e r  becomes a v a i l a b l e  t o  t h e  G r a m - n e g a t iv e  
c e l l  i t  o n ly  needs  t o  t r a n s p o r t  i t s  enzymes and b i n d i n g  p r o t e i n s  
a c r o s s  t h e  c e l l  w a l l  t o  s e q u e s t e r  t h e  c a r b o n .  The G r a m - p o s i t i v e  
b a c t e r i a ,  which  s t o r e  t h e i r  enzymes and b i n d i n g  p r o t e i n s  i n  t h e  c y to ­
p la sm ,  must  c o n c e n t r a t e  and  t r a n s p o r t  them a c r o s s  t h e  c e l l  membrane 
and t h e  p e p t i d o g l y c a n  l a y e r .  In  e n v i ro n m e n t s  where t h e  o r g a n i c  c a rb o n  
s u p p l y  i s  l i m i t i n g ,  r a p i d  and l e s s  e n e r g y  i n t e n s i v e  s y s t e m s  l i k e  t h o s e  
o f  t h e  G r a m - n e g a t iv e  b a c t e r i a  have a c o m p e t i t i v e  edge .  T h i s  i s  p r o b a ­
b l y  t h e  r e a s o n  T a k i i  ( 1 9 7 7 )  o b s e r v e d  a change  from G r a m - n e g a t i v e  t o  
G r a m - p o s i t i v e  b a c t e r i a  as  t h e  c a r b o h y d r a t e  l o a d i n g  t o  h i s  a c t i v a t e d  
s l u d g e  sy s t e m  i n c r e a s e d .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h o s e  Gram- 
p o s i t i v e  c e l l s  which  a p p e a r e d  i n  t h e  RBCs d i d  n o t  have v e r y  many 
i n c l u s i o n  b o d i e s  when compared  w i t h  G r a m - n e g a t iv e  b a c t e r i a  o f  a  s i m i l a r  
s i z e  o b s e r v e d  s i m u l t a n e o u s l y .  P e rh a p s  G r a m - p o s i t i v e  b a c t e r i a  a r e  l e s s  
a b l e  t o  form s t o r a g e  i n c l u s i o n  b o d i e s ,  a c h a r a c t e r i s t i c  n e v e r  d e v e l o p e d  
due t o  t h e i r  i n a b i l i t y  t o  compete  e f f e c t i v e l y  i n  e n v i r o n m e n t s  w i t h  
n u t r i e n t  l i m i t i n g  c o n d i t i o n s .
Chen and B ungay ' s  ( 1981 )  work w i t h  oxygen m i c r o e l e c t r o d e s  in  
b i o f i l m s  i n d i c a t e s  t h a t  a t  h ig h  o r g a n i c  l o a d i n g s  ( s i m i l a r  t o  t h o s e  
found  i n  t h e s e  RBC e x p e r i m e n t s ) ,  oxygen w i l l  be u sed  up w i t h i n  t h e  t o p  
100 pm o f  t h e  b i o f i l m .  A p p ly in g  t h e i r  r e s u l t s  t o  t h i s  s t u d y  r e v e a l s
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t h a t  l e s s  t h a n  10 p e r c e n t  o f  t h e  b i o f i l m  may have been  o x y g e n a t e d  in  
t h e  f i r s t  com par tm e n ts  o f  t h e  u n i t s  o p e r a t i n g  a t  h ig h  TOLRs.
The h e t e r o t r o p h i c  b a c t e r i a  w i t h i n  t h e  b i o f i l m  were most  l i k e l y  
d e g r a d i n g  o r g a n i c  c a rb o n  u s i n g  a e r o b i c ,  f e r m e n t a t i v e ,  and a n a e r o b i c  
p r o c e s s e s .  The t y p e s  o f  b a c t e r i a  which  have been r e p o r t e d  l i v i n g  in  
w a s t e w a t e r  t r e a t m e n t  s y s t e m s  ( s e e  L i t e r a t u r e  Review) a r e  u s u a l l y  
f a c u l t a t i v e  a e r o b e s  which  a r e  c a p a b l e  o f  s w i t c h i n g  from a e r o b i c  r e s p i ­
r a t i o n  t o  f e r m e n t a t i v e  and o t h e r  a n a e r o b i c  modes o f  r e s p i r a t i o n ,  
t h e r e b y  u s i n g  o t h e r  a v a i l a b l e  compounds as  t e r m i n a l  e l e c t r o n  a c c e p ­
t o r s .  None o f  t h e s e  o t h e r  m e t a b o l i c  p r o c e s s e s ,  however ,  i n v o l v e s  
o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  which y i e l d  as  much e n e r g y  as  a e r o b i c  
r e s p i r a t i o n  ( T a b l e  3 0 ) .
The u l t i m a t e  end p r o d u c t  o f  a l l  o f  t h e  m i c r o b i a l  e n e r g y -  
p r o d u c i n g  m e t a b o l i c  p r o c e s s e s  i s  C02< Only a b o u t  50 % o f  t h e  o r g a n i c  
c a rb o n  m e t a b o l i z e d  i s  a c t u a l l y  r e s p i r e d .  The o t h e r  h a l f  o f  t h e  d e g r a d ­
a b l e  o r g a n i c s  i s  a s s i m i l a t e d  i n t o  t h e  b a c t e r i a l ' s  c e l l  (F e n c h e l  and 
J o r g e n s e n ,  1977).  The r e s u l t  i s  s t o r a g e  a n d / o r  g ro w th ;  t h e  l a t t e r  was 
o b s e r v e d  i n  t h e s e  s t u d i e s  in  t h e  form o f  c e l l s  u n d e r g o in g  a c t i v e  
d i v i s i o n  a n d / o r  c o n t a i n i n g  numerous mesosomes and r i b o s o m e s .  Carbon 
can  be s t o r e d  as  a g l y c o g e n - l i k e  r e s e r v e  in  p o l y g l u c o s i d e  g r a n u l e s ,  
and as  a l i p i d - l i k e  p o l y - p - h y d r o x y b u t y r a t e  ( S h i v e l y ,  1 9 7 4 ) ,  o r  as  
e x t r a c e l l u l a r  p o l y s a c c h a r i d e  ( J o y c e  and Dugan,  1970) .  From an e n g i n e e r ­
in g  s t a n d p o i n t  maximum C02 p r o d u c t i o n  i s  d e s i r e d  b e c a u s e  i t  r e p r e s e n t s  
a n e t  l o s s  o f  c a r b o n  t o  t h e  e n t i r e  s y s tem .  S t o r a g e  and grow th  o f  
c e l l s  c o n c e n t r a t e s  t h e  o r g a n i c  m a t t e r  in  c e l l u l a r  form which  may be 
e a s i l y  removed from t h e  e f f l u e n t .  These  c e l l s ,  however ,  must  s t i l l  be 
d e g r a d e d  o r  d i s p o s e d  o f  p r o p e r l y .
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T a b l e  30
E n e r g y - Y i e l d i n g  M e t a b o l i c  P r o c e s s e s  a s  Coupled  O x i d a t i o n - R e d u c t i o n  
R e a c t i o n s  (C la y p o o l  and K ap lan ,  1974)
O xidation -R eduction  Reaction kca-| Gibbs fre e  energy per
_________________________________________________________ glucose e q u iv a le n t o x id ized
Aerobic R esp ira tio n
CH20 + H20 -  C02 + 2H2 -686
2H2  + 02  •» 2H20
ch2o + o2 -► co2 + h2o
D e n itr i  f ic a t io n
5CH20 + 5H20 -»• 5C02  + 10H2  -579
10H2  + 4 NO3  + 4H+ -*■ 2N2  + 12H20
5CH20 + 4 NO3  + 4H+ -*• 2N2  + 5C02  + 7H20
S u lfa te  Reduction
2CH20 + 2H20 -> 2C02  + 4H2  -220
- 2
4 H 2  + S04 -  S° + 2C02 + 2H20 
2CH20 + S04 ' 2  -  S° + 2C02  + 2H20
Carbonate Reduction
2CH20 + 2H20 -  2C02  + 4H2  -99
4H2  + HCOj + H+ -» CH. + 3H20 
C02  + H20 -> HC0‘  + H
2CH20 -  CH4  + C02
Ferm entation: h e te ro la c t ic
Glucose ■* acetaldehyde + C02  + la c ta te  + H2  -49
H2  + acetaldehyde -* ethanol
Glucose ■* la c ta te  + ethanol + CO.,
Ferm entation: S tr ic k la n d  re a c tio n
a la n in e  + 2H,0 -*• NH, + a c e ta te  + CO, + 2H, -17
2H2  + 2 g ly c in e  -*• 2 a c e ta te  3
a la n in e  + 2 g ly c in e  + 2H20 -* 3 ac e ta te  + C02 + 3NH3
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I t  was n o t  s u r p r i s i n g  t o  f i n d  l a r g e  amounts o f  p o l y p h o s p h a t e  
s t o r e d  i n  t h e  o v e r l o a d e d  f i l m s  b e c a u s e  p h o s p h o ru s  was n o t  l i m i t i n g  t o  
g row th .  C o n c o m i t a n t l y ,  n i t r o g e n  l e v e l s  (ammonium and o r g a n i c  n i t r o ­
gen)  i n  t h e  e f f l u e n t  o f  t h e s e  com par tm en ts  r em a ined  f a i r l y  h ig h  i n d i c a ­
t i n g  t h a t  t h i s  e l e m e n t  was a l s o  n o t  l i m i t i n g .  S t o r a g e  o f  n i t r o g e n  has  
o n l y  been  r e p o r t e d  i n  c y a n o b a c t e r i a  ( S h i v e l y ,  1974) .  T hese  m i c r o o r g a n ­
isms d i d  n o t  a p p e a r  t o  be p r e s e n t  i n  t h e  b i o f i l m s  examined.  I t  i s  
p o s s i b l e  t h a t  t h e  b a c t e r i a  d i d  c o n t a i n  l a r g e  p o o l s  o f  amino a c i d s  
which  may have s e r v e d  as  an i n t r a c e l l u l a r  n i t r o g e n  s t o r e ;  however ,  
t h e s e  ty p e s  o f  m o l e c u l e s  a r e  n o t  d e t e c t a b l e  u s i n g  t r a n s m i s s i o n  e l e c ­
t r o n  m ic ro s c o p y  (Tem pes t  e t  a l . ,  1970) .
B i o f i l m s  a t  t h e  h ig h  ROLRs a l s o  c o n t a i n e d  many l a r g e  and o d d ly  
sh ap ed  c e l l s .  Very l i t t l e  i s  known o f  t h e  m o r p h o l o g ie s  o f  b a c t e r i a  i n  
t h e  n a t u r a l  e n v i ro n m e n t .  Most  m i c r o s c o p i c a l  s t u d i e s  a r e  p e r f o r m e d  on 
o rg a n i s m s  grown i n  p u r e  c u l t u r e s  i n  which n u t r i e n t  l e v e l s  a r e  e x t r e m e l y  
h ig h  when compared  w i t h  d o m e s t i c  w a s te w a te r  t r e a t m e n t  s y s t e m s .  I t  i s  
p o s s i b l e  t h a t  some f a c t o r s  i n  t h e  b i o f i l m  c a u s e  t h e  need f o r  t h e  
b a c t e r i a  t o  i n c r e a s e  t h e i r  s u r f a c e  a r e a .  T h i s  may e x p l a i n  t h e  u n iq u e  
m o rp h o lo g ie s  o b s e r v e d .  F u t u r e  s t u d i e s  a r e  needed  t o  s o l v e  t h i s  m y s te ry .
Some f i l a m e n t s  were  a l s o  s e e n  d u r i n g  t r a n s m i s s i o n  e l e c t r o n  
m i c r o s c o p i c a l  e x a m i n a t i o n s  o f  t h e  h e a v i l y - l o a d e d  b i o f i l m s .  These 
p r o b a b l y  c o r r e s p o n d e d  t o  t h o s e  o b s e r v e d  d u r i n g  p h a s e  c o n t r a s t  s t u d i e s  
o f  t h e  p r o t o z o a  and m e tazo a .  These  f i l a m e n t s  w ere  n o t  s i m i l a r  t o  t h e  
S p h a e r o t i ! u s - l i k e  ones  o b s e r v e d  d u r i n g  Phase  I o f  t h i s  r e s e a r c h  as  
th e y  d i d  n o t  p o s s e s s  a s h e a t h .  These  f i l a m e n t s  were  l e s s  common in  
b i o f i l m s  exposed  t o  lo w er  ROLRs. T h e i r  i d e n t i t y  i s  n o t  know and must  
a w a i t  f u r t h e r  s t u d y .  I t  i s  n o t  s u r p r i s i n g ,  however ,  t h a t  S p h a e r o t i ! u s -
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l i k e  f i l a m e n t s  d i d  n o t  grow in  t h e  W.R.C. RBCs. As m e n t io n e d  in  Phase 
I ,  S p h a e r o t i 1 us p r e f e r s  a hydrodynamic  reg im e  where t h e  f lo w  i s  0 . 1 8  
t o  0 . 4 5  m/s (Phaup and Gannon,  1967) .  The p e r i p h e r a l  v e l o c i t y  o f  t h e  
W.R.C. u n i t s  was c o n s i d e r a b l y  low er  ( 0 . 0 5  m / s ) .
B i o f i l m s  Exposed  t o  Lower ROLRs. As t h e  amount o f  o r g a n i c  
m a t t e r  i n  t h e  mixed  l i q u o r  i n  s u b s e q u e n t  com par tm en ts  d e c r e a s e d ,  t h e  
r a t i o  o f  c a r b o n  t o  oxygen p r o b a b l y  a p p ro a c h e d  u n i t y .  As a  r e s u l t ,  
l e s s  PHB was s t o r e d ,  b u t  oxygen p r o b a b l y  s t i l l  r em a ined  t h e  l i m i t i n g  
s u b s t a n c e .  In  t h i s  r e g a r d  t h e s e  f i l m s  p r o b a b l y  r e s e m b l e d  t h o s e  
sampled  in  Phase  I .  S u l f u r  s t o r a g e  became r a r e  and f i n a l l y  was n o t  
o b s e r v e d .  T h i s  i n d i c a t e d  a r e d u c e d  a v a i l a b i l i t y  o f  H2 S, p r o b a b l y  due 
t o  i t s  d e c r e a s e d  p r o d u c t i o n  in  t h e  lo w e r  l a y e r s  o f  t h e  b i o f i l m .  The 
amount o f  p o l y p h o s p h a t e  s t o r e d  d e c r e a s e d  in  c o n j u n c t i o n  w i t h  t h e  
d e c r e a s e  i n  PHB. P h o s p h a te  s t o r a g e  i s  an e n e r g y  i n t e n s i v e  p r o c e s s  and 
has  been  l i n k e d  t o  PHB s t o r a g e  (Fuhs and Chen, 1975) .  S p i r o c h e t e s  
were  o b s e r v e d  v e r y  i n f r e q u e n t l y  w i t h i n  t h e  b i o f i l m ,  f u r t h e r  i n d i c a t i n g  
t h a t  oxygen was more r e a d i l y  a v a i l a b l e  w i t h i n  t h e  f i l m .  F i n a l l y ,  t h e  
p r e p o n d e r a n c e  o f  G ra m - n e g a t iv e  b a c t e r i a ,  which  can more r e a d i l y  s e q u e s ­
t e r  o r g a n i c  m a t t e r  t h a n  G r a m - p o s i t i v e  b a c t e r i a ,  i n d i c a t e d  t h a t  c a rb o n  
was becoming l e s s  p r e v a l e n t .
2In  t h e  co m p ar tm e n ts  where  ROLR was l e s s  t h a n  0 . 3 6  g TOC/m *RT, 
t h e  m i c r o b i a l  community was a p p a r e n t l y  c a r b o n  l i m i t e d  and s u f f i c i e n t  
amounts o f  oxygen  were p r o b a b l y  a v a i l a b l e  f o r  a e r o b i c  r e s p i r a t i o n  t o  
o c c u r .  No PHB was s t o r e d  i n  t h e  b a c t e r i a  l i v i n g  in  t h e s e  b i o f i l m s .
The h ig h  p e r c e n t a g e  o f  g h o s t  c e l l s ,  l y s e d  c e l l u l a r  m a t e r i a l ,  and 
p l a s m o l y s i s  i n d i c a t e d  t h a t  an e x c e s s  o f  c a rb o n  was p r o b a b l y  a v a i l a b l e
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d u r i n g  a fo r m e r  p e r i o d  o f  o p e r a t i o n  (when TOLR = 4 . 0  o r  6 . 0  g
2
TOC/m *d) .  As t h e  s u p p l y  o f  o r g a n i c  m a t t e r  d e c r e a s e d ,  t h e  c e l l s  
became s t a r v e d  and d i e - o f f  o c c u r r e d .  Those  c e l l s  r e m a i n i n g  d i d  n o t  
a p p e a r  t o  be " h e a l t h y . "
Many o f  t h e  b a c t e r i a  l i v i n g  i n  t h e s e  s u b s t r a t e - 1 imi t i n g  c o n d i ­
t i o n s  had an i n t e r e s t i n g  m orphology .  They p o s s e s s e d  numerous b l u n t  
t i p p e d  e x t e n s i o n s  o v e r  t h e  c e l l  s u r f a c e .  These  b a c t e r i a  were  s i m i l a r  
t o  P ro s th e c o m ic ro b iu rn  o b s e r v e d  by S t a l e y  ( 1 9 6 8 ) .  Whether  o r  n o t  t h e s e  
RBC b a c t e r i a  were  p r o s e t h e c a t e  b a c t e r i a  r e m a in s  unknown, b u t  t h e  
e x t e n s i o n s  were  s i m i l a r  t o  t h e  p r o s t h e c a e  d e s c r i b e d  by S t a l e y  a s :  
" s e m i r i g i d  ap p e n d a g e s  e x t e n d i n g  from a p r o c a r y o t i c  c e l l ,  w i t h  a d i a ­
m e te r  which  i s  a lw ays  s m a l l e r  t h a n  t h a t  o f  t h e  m a tu re  c e l l ,  and which 
i s  bounded by t h e  c e l l  w a l l . 11 I t  i s  a l s o  p o s s i b l e  t h a t  t h e s e  u n i q u e l y  
shaped  b a c t e r i a  may have b een  s i m i l a r  t o  t h o s e  o b s e r v e d  i n  e a r l i e r  
com par tm e n ts .  Chesbro  (1 9 8 3 )  has  found  t h a t  E . c o l i  w i l l  become i r ­
r e g u l a r l y  s h a p e d  when s u b s t r a t e  c o n c e n t r a t i o n  d e c r e a s e s  d r a m a t i c a l l y .
P r o s t h e c a t e s  a r e  o f t e n  found  where  o t h e r  h e t e r o t r o p h s  a r e  
u n a b l e  t o  s u r v i v e ,  a  c h a r a c t e r i s t i c  w hich  has  been  a t t r i b u t e d  t o  t h e i r  
c o m p e t i t i v e  a d v a n t a g e  i n  such  e n v i ro n m e n t s  ( S t a l e y  e t  a l . ,  1980) .
They may be a d a p t e d  t o  t h e  c a r b o n - l i m i t e d  f i n a l  com par tm en t  o f  t h e  
RBCs f o r  s e v e r a l  r e a s o n s .  They a r e  a b l e  t o  use  a  w ide  v a r i e t y  o f  
o r g a n i c  s o u r c e s  o f  c a r b o n ,  i n c l u d i n g  humic a c i d s  and o t h e r  n o n - r e a d i l y  
d e g r a d e a b l e  forms ( S t a l e y ,  1968) .  These  compounds may be some o f  t h e  
few o r g a n i c s  l e f t  i n  t h e  mixed l i q u o r  i n  t h e  l a s t  c om par tm e n ts  o f  
RBCs. The p r o s t h e c a t e 1s a b i l i t y  f o r  a t t a c h m e n t ,  u s i n g  t h e i r  p r o s t h e ­
c a e ,  may h e l p  them a t t a c h  t o  d i s k  s u r f a c e s  ( S c h m i d t ,  1971) .  P e rh a p s  
t h e  most  i m p o r t a n t  f a c t o r  d i c t a t i n g  t h e i r  s u r v i v a l  i s  t h e i r  i n c r e a s e d
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c e l l  s u r f a c e  a r e a  which  r e s u l t s  from h a v in g  t h e  numerous p r o s t h e c a e .
By i n c r e a s i n g  t h e  c e l l ' s  s u r f a c e ,  more n u t r i e n t  and oxygen u p t a k e  may 
be a c c o m p l i s h e d .  An i n c r e a s e  i n  t h e  amount o f  c e l l  membrane may a l s o  
i n c r e a s e  t h e  c e l l ' s  c a p a b i l i t y  f o r  a e r o b i c  r e s p i r a t i o n  ( S c h m i d t ,
1971).
N i t r i f y i n g  B i o f i l m s . In  t h e  l a s t  two c om par tm e n ts  o f  t h e  RBC 
w i t h  a TOLR o f  2 . 0  g T0C/m^*d,  t h e  ROLR was 0 .21  and 0 . 1 7  g T0C/m^*RT, 
r e s p e c t i v e l y .  The i n f l u e n t  t o  t h e s e  com par tm e n ts  c o n t a i n e d  l a r g e  
amounts o f  ammonia,  some n i t r i t e  and a l i t t l e  n i t r a t e  ( T a b l e  2 1 ) .  In 
t h e  e f f l u e n t  mixed l i q u o r ,  n i t r a t e  was t h e  mos t  p r e v a l e n t  form o f  
n i t r o g e n  i n d i c a t i n g  t h a t  e s s e n t i a l l y  c o m p le te  n i t r i f i c a t i o n  had been  
e f f e c t e d .  T r a n s m i s s i o n  e l e c t r o n  m ic ro s c o p y  r e v e a l e d ,  how ever ,  o n l y  
one t y p e  o f  n i t r i f y i n g  b a c t e r i a .  T hese  c e l l s  i n  t h e  b i o f i l m  a l l  had 
c o n v o l u t e d  cy tomembranes  and h i g h l y  i n v a g i n a t e d  c e l l  s u r f a c e s .  In  
a d d i t i o n  t h e y  were  e n c a p s u l a t e d  i n t o  g ro u p s  o f  s e v e r a l  c e l l s ,  most  o f  
which  c o n t a i n e d  p o l y p h o s p h a t e  i n c l u s i o n s .
J o h n s o n  and  S i e b u r t h  (1976 )  a l s o  o b s e r v e d  o n l y  one t y p e  o f  
b a c t e r i a  o f  s i m i l a r  morphology  t o  t h o s e  i n  t h e s e  RBCs. T h e i r  b a c t e r i a  
o c c u r r e d  in  s l i m e s  o b t a i n e d  from sa lm on a q u a c u l t u r e  s y s t e m s  where  
c o m p le t e  n i t r i f i c a t i o n  was o c c u r r i n g .  They c h a r a c t e r i z e d  t h e i r  b a c ­
t e r i a  a s  N i t r o s o m o n a s - 1 i k e .  Though a l l  s t r a i n s  o f  t h i s  g e n e r a  a r e  n o t  
m o r p h o l o g i c a l l y  s i m i l a r ,  n i t r o s o m o n a d s  a r e  t h e  n i t r i f i e r s  w h ich  have 
cytomembranes  which a r e  c o n t i n u o u s  a ro u n d  t h e  p e r i p h e r y  o f  t h e  c e l l  
(W atson ,  1971) .  J ohnson  and S i e b u r t h  (1976)  were  u n a b l e  t o  c u l t u r e  
t h e  b a c t e r i a  and were  a l s o  u n a b l e  t o  e x p l a i n  why o n ly  one t y p e  o f  
b a c t e r i u m  ( i . e .  N i t r o s o m o n a s - 1 i k e )  was p r e s e n t  when c o m p le te  n i t r i ­
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f i c a t i o n  was o b s e r v e d .  N i t ro s o m o n a s  can  o n ly  o x i d i z e  ammonia t o  
n i t r i t e .  For  c o m p le te  n i t r i f i c a t i o n  t o  be a c c o m p l i s h e d ,  n i t r i t e  must  
be f u r t h e r  o x i d i z e d  t o  n i t r a t e ,  a p r o c e s s  w hich  u s u a l l y  i s  p e r fo rm e d  
by N i t r o b a c t e r . T h e r e f o r e ,  w i t h  t h e  RBCs and t h e  sa lmon a q u a c u l t u r e  
s y s t e m s ,  one would have e x p e c t e d  t o  o b s e r v e  c e l l s  o f  b o th  N i t ro s o m o n a s  
and N i t r o b a c t e r . I n s t e a d  o n l y  N i t r o s o m o n a s - 1 i k e  m o r p h o l o g ie s  were  
o b s e r v e d  in  eac h  o f  t h e s e  c a s e s .
The p r e s e n c e  o f  n i t r i f i e r s  in  t h e  l a s t  com par tm en t  o f  t h e  RBC 
2
a t  a TOLR o f  2 . 0  g TOC/m *d i s  u n d e r s t a n d a b l e .  At t h i s  p o i n t  w i t h i n  
t h e  u n i t  o r g a n i c  c a rb o n  c o n c e n t r a t i o n s  were  v e r y  low (<10 mg TOC/ 
l i t e r ) .  Very few h e t e r o t r o p h s  c o u l d  s u r v i v e  u n d e r  such  c o n d i t i o n s ,  
w h e reas  a u t o t r o p h i c  n i t r i f i e r s  c o u l d  com pete  e f f e c t i v e l y  f o r  s p a c e ,  i n  
s p i t e  o f  t h e i r  long  in  s i t u  g e n e r a t i o n  t i m e s  ( 2 0 - 4 0  h a c c o r d i n g  t o  
B e l s e r ,  1979).  Though t h e  h y d r a u l i c  r e t e n t i o n  t i m e  i n  t h e  com par tm en t  
was s h o r t ,  w as h o u t  was n o t  a p ro b lem  b e c a u s e  t h e  n i t r i f i e r s  w e re  p a r t  
o f  a f i x e d  f i l m .
N i t r i f i e r s  s t o r e  p o l y p h o s p h a t e ;  t h e i r  a b i l i t y  t o  do so  has  
been o b s e r v e d  p r e v i o u s l y  (W a tson ,  1971) .  I t  i s  n o t  s u p r i s i n g  t h a t  
p o l y p h o s p h a t e  was found  i n  t h e  RBC b i o f i l m  n i t r i f i e r s .  P h o s p h a te  i s  
p r o b a b l y  s t i l l  p r e s e n t  i n  e x c e s s  i n  t h e  RBC mixed l i q u o r .  Such 
s t o r a g e  was n o t  o b s e r v e d  by J o h n s o n  and  S i e b u r t h  ( 1 9 7 6 ) ,  b u t  t h e i r  
sy s tem  had low l e v e l s  o f  p h o s p h a t e .  S t o r a g e  o f  e x c e s s  p h o s p h a t e  
r e q u i r e s  e n e r g y ,  i n d i c a t i n g  t h a t  t h e  e n e r g y  r e q u i r e d  t o  s t o r e  i t  must  
have been  a v a i l a b l e  a s  a r e s u l t  o f  t h e  o x i d a t i o n  o f  ammonia o r  
n i t r i t e .  ( S h i v e l y ,  1974) .
Both oxygen and n i t r o g e n  (ammonia and o r g a n i c  N) c o n c e n t r a ­
t i o n s  have t h e  p o t e n t i a l  t o  l i m i t  g row th  o f  t h e  n i t r i f i e r s  i n  t h e  RBC
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b i o f i l m s .  The f i l m s  i n  t h e  l a s t  com par tm e n ts  o f  RBCs a r e  u s u a l l y  v e ry  
t h i n ,  w hich  may d e c r e a s e  t h e  p o s s i b i l i t y  o f  oxygen l i m i t a t i o n .  A c l u e  
t o  which  c o n d i t i o n  c o n t r o l s  t h e  amount o f  n i t r i f i c a t i o n  e f f e c t e d  may 
be g a i n e d  from ex a m in in g  t h e  c h e m ica l  d a t a .  When ammonia and o r g a n i c  
n i t r o g e n  l e v e l s  a r e  s t i l l  d e t e c t a b l e  i n  t h e  e f f l u e n t ,  i t  i s  l i k e l y  t h e  
o rg a n i s m s  a r e  n o t  n i t r o g e n  l i m i t e d ,  b u t  t h e y  may p o s s i b l y  be oxygen 
l i m i t e d .  When t h e  s u p p l y  o f  t h e s e  n i t r o g e n o u s  s u b s t a n c e s  i n  t h e  
e f f l u e n t  i s  n e g l i g i b l e ,  t h e  b i o f i l m  may be n i t r o g e n  l i m i t e d .  I f  
n e i t h e r  o f  t h e s e  s u b s t a n c e s  i s  l i m i t i n g ,  t h e  p r o c e s s  may be c o n t r o l l e d  
by t h e  a b s e n c e  o f  o t h e r  m a i n t e n a n c e  f a c t o r s  o r  by b i o l o g i c a l  a n d / o r  
p h y s i c a l  i n h i b i t i o n s  ( B e l s e r ,  1979) .  The l a t t e r  m ig h t  i n c l u d e  s l o u g h ­
i n g  r a t e ,  subm ergence  l e v e l  a n d / o r  p e r i p h e r a l  v e l o c i t y .  As some 
ammonia was l e f t  i n  t h e  RBC e f f l u e n t  ( T a b l e  2 1 ) ,  oxygen  c o n c e n t r a t i o n s  
may have been  t h e  l i m i t i n g  f a c t o r  i n  t h e s e  e x p e r i m e n t s .
Some v e r y  b a s i c  q u e s t i o n s  rem a in  u n r e s o l v e d  c o n c e r n i n g  t h e  
b a c t e r i a  o b s e r v e d  in  t h e  n i t r i f y i n g  b i o f i l m s .  Why do t h e  c e l l s  have 
s uch  c o n v o l u t e d  cy tomembranes  and c e l l  w a l l s ?  The n i t r i f i e r s  from t h e  
s l i m e s  o f  t h e  a q u a c u l t u r e  s y s t e m s  examined b y ' J o h n s o n  and S i e b u r t h  
( 1 9 7 6 )  had  t h e s e  m o r p h o l o g i e s  a l s o .  These  o r g a n i s m s  were  e x p o s e d  t o  
w a s t e w a t e r  c o n t a i n i n g  r e l a t i v e l y  low c o n c e n t r a t i o n s  o f  ammonia and 
o r g a n i c  n i t r o g e n  ( 1 - 6 0  mg N / l i t e r ) .  I n  t h e  l a b o r a t o r y  t h e  g row th  
medium commonly u sed  f o r  c u l t u r i n g  n i t r i f i e r s ,  i n  w h ich  t h e  c e l l s  a r e  
s p h e r i c a l ,  c o n t a i n s  500 t i m e s  t h e  amount o f  i n  s i t u  n i t r o g e n  found  i n  
t h e  n a t u r a l  e n v i ro n m e n t  ( a s  ammonia o r  n i t r i t e ) .  Jo h n so n  and S i e b u r t h  
( 1 9 7 6 )  and S i e b u r t h  (19 7 9 )  p o s t u l a t e d  t h a t  t h i s  may have a c c o u n t e d  f o r  
t h e i r  i n a b i l i t y  t o  e n r i c h  f o r  t h e  b a c t e r i a .  The n i t r i f i e r s  o c c u r r i n g  
i n  n a t u r a l  s y s t e m s  may be u n a b l e  t o  t o l e r a t e  t h e  e x c e s s i v e  n i t r o g e n
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l e v e l s  n o r m a l ly  u sed  f o r  e n r i c h m e n t .  The i n v a g i n a t i o n s  o f  t h e  c e l l  
s u r f a c e  and  t h e  l a r g e  amount o f  c o n v o l u t i o n  o f  t h e  cy tomembranes  
o b s e r v e d  in  t h e  RBC s t u d i e s  and i n  t h o s e  o f  J o h n s o n  and S i e b u r t h  
(1976)  may i n c r e a s e  t h e  s u r f a c e  a r e a  a v a i l a b l e  ( i )  f o r  s e q u e s t e r i n g  
t h e  l i m i t e d  s u p p l y  o f  u s e a b l e  n i t r o g e n  and ( i i )  f o r  e f f e c t i n g  i n t r a ­
c e l l u l a r  n i t r o g e n  o x i d a t i o n .
T h e re  a r e  o t h e r  p u z z l i n g  q u e s t i o n s  a b o u t  t h e s e  n i t r i f y i n g  
b i o f i l m s .  Only one t y p e  o f  c e l l  m orpho logy ,  s i m i l a r  t o  t h a t  o f  
N i t r o s o m o n a s , was o b s e r v e d .  I t  i s  p o s s i b l e  t h a t  a n o t h e r  t y p e  was 
p r e s e n t  and o v e r l o o k e d  i n  t h e  TEM p r e p a r a t i o n .  A s i m i l a r  i n c o n s i s ­
t e n c y ,  how ever ,  was e n c o u n t e r e d  by Jo h n so n  and S i e b u r t h  (1 9 7 6 ) .  I f  
o n l y  N i t r o s o m o n a s - 1 i k e  b a c t e r i a  a r e  p r e s e n t ,  how i s  n i t r i t e  b e i n g  
o x i d i z e d  t o  n i t r a t e ?  Where i s  N i t r o b a c t e r , which i s  so commonly 
i m p l i c a t e d  when c o m p le t e  n i t r i f i c a t i o n  o c c u r s  i n  w a s t e w a t e r  t r e a t m e n t ?  
One would e x p e c t  t o  f i n d  s u b s t a n t i a l  numbers o f  t h e s e  b a c t e r i a .  
U n f o r t u n a t e l y ,  most  o f  t h e  t i m e  t h a t  n i t r i f i e r s  a r e  i m p l i c a t e d  in  
w a s t e w a t e r  t r e a t m e n t ,  MPN c o u n t s  a r e  made u s i n g  a g e n e r a l  c u l t u r e  
medium and t h e  two o rg a n i s m s  a r e  n o t  d i f f e r e n t i a t e d .  I t  i s  p o s s i b l e  
t h a t  one t y p e  o f  b a c t e r i a  can  p e r fo rm  b o th  ammonia and n i t r i t e  o x i d a ­
t i o n s ,  however ,  t h i s  seems u n l i k e l y .  I t  i s  a l s o  p o s s i b l e  t h a t  i n  s i t u  
b o th  ammonia o x i d i z e r s  and n i t r i t e  o x i d i z e r s  have s i m i l a r  m o r p h o l o g i e s .  
In  p u r e  c u l t u r e  N i t ro s o m o n a s  i s  n o r m a l ly  ro d  s haped  and p o s s e s s e s  
cy tomembranes  which  c o m p l e t e l y  e n c i r c l e  t h e  c y t o p l a s m .  N i t r o b a c t e r  i s  
n o r m a l ly  o v a l - s h a p e d  and h a s  a p o l a r  cap o f  cy tomembranes  which  does  
n o t  e n c i r c l e  t h e  c y t o p l a s m .  In  e n v i ro n m e n t s  w i t h  low c o n c e n t r a t i o n s  
o f  u s e a b l e  n i t r o g e n ,  t h e  two o rg a n i s m s  may a d a p t  s i m i l a r  m o rp h o l o g ie s  
and p ro d u c e  e x c e s s  cy tomembranes  and i n c r e a s e  c e l l  s u r f a c e  a r e a .
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A d d i t i o n a l l y ,  c a p s u l a s  may be formed a ro u n d  m i x t u r e s  o f  t h e s e  m i c r o ­
o rg a n i s m s  a l l o w i n g  f o r  iiiaximum s e q u e s t e r i n g  o f  n i t r i t e  by 
N i t r o b a c t e r - 1 i k e  b a c t e r i a .
B a c t e r i a l  B i o f i l m  T h e o r y .
"E very  o rg a n i s m s  has  an e c o l o g i c a l  r a i s o n  d ' e t r e .  
N a t u r a l  s e l e c t i o n  a c t i n g  on so many g e n e r a t i o n s  o f  
m ic ro o g a n is m s  and u n d e r  c o n d i t i o n s  i n  which  t h e  
s e l e c t i v e  p r e s s u r e s  a r e  a l m o s t  i n v a r i a b l y  q u i t e  keen 
and h i g h l y  e f f e c t i v e  d i c t a t e s  t h a t  t h e  s u r v i v o r s  
p o s s e s s  s e t s  o f  c h a r a c t e r i s t i c s  t h a t  a l l o w  them t o  
e n d u r e  t h e  s t r u g g l e  f o r  e x i s t e n c e  among t h e  r e g i o n ' s  
p o t e n t i a l  i n h a b i t a n t s ,  many o f  which  a r e  p h y s i o l o g i ­
c a l l y  s i m i l a r  and  hence  may be d i r e c t l y  i n t e r a c t i n g .  
Each o rg a n i s m  p o s s e s s e s  a s p e c i f i c  b i o c h e m ic a l  t r a i t  
o r  g roup  o f  t r a i t s  t h a t  a c c o u n t  f o r  i t s  e x i s t e n c e  i n  
i t s  t y p i c a l  h a b i t a t s "  ( A l e x a n d e r ,  1971) .
RBC b i o f i l m s ,  l i k e  m a r i n e  and a q u a t i c  s e d i m e n t s ,  a r e  h a b i t a t s  
i n  w hich  m i c r o o r g a n i s m s  a r e  i n t e r a c t i n g  w i t h  one a n o t h e r  and in  which 
t h e y  must  p o s s e s s  t r a i t s  which  e n a b l e  them t o  e x p l o i t  u n i q u e l y  a n i c h e  
i n  t h e  e n v i ro n m e n t  w h i l e  m i n i m i z i n g  c o m p e t i t i o n  w i t h  o t h e r s .
T y p i c a l  w a s t e w a t e r  b i o f i l m s  a r e  composed o f  l a r g e  numbers o f  
b a c t e r i a .  D ur ing  a m i c r o s c o p i c  e x a m i n a t i o n  o f  t h e  b a c t e r i a  i n  a 
t r i c k l i n g  f i l t e r  s l i m e ,  P ik e  e t  a l . ( 1972 )  c o u n t e d  an a v e r a g e  o f  6 . 2  x 
1010 o rg a n i s m s /m l  b i o f i l m  ( 1 . 3  x 1 0 ^  o r g a n i s m s / g  b i o f i l m ) .  T h e i r  
p l a t e  c o u n t s  r e v e a l e d  t h a t  o n l y  2 . 5  % o f  t h o s e  c e l l s  c o u n t e d  were  
v i a b l e .
Among t h o s e  b a c t e r i a  a c t u a l l y  e f f e c t i n g  chem ica l  t r a n s f o r m a ­
t i o n s ,  t h e r e  i s  l i k e l y  a " d i v i s i o n  o f  l a b o r "  ( l a  R i v i e r e ,  1 9 7 7 ) ;  a 
c o n c e p t  s i m i l a r  t o  t h a t  d e s c r i b e d  above  by A le x a n d e r  (1 9 7 1 ) .  One 
model which  may be u s e f u l  f o r  u n d e r s t a n d i n g  t h e s e  b a c t e r i a l  b i o f i l m
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com m u n i t ie s  has been  d e v e l o p e d  t o  e x p l a i n  t h e  b i o g e o c h e m i s t r y  o f  
m a r i n e  and a q u a t i c  s e d i m e n t s  (C la y p o o l  and K ap lan ,  1974;  J o n e s ,  1980) .  
As oxygen becomes l i m i t i n g  w i t h  d e p t h  i n  t h e  s e d i m e n t s ,  a n a e r o b i c  
r e s p i r a t i o n ’ becomes common ( T a b l e  30 and 3 1 ) .  D e n i t r i f i c a t i o n  i s  t h e  
f i r s t  a n a e r o b i c  m e t a b o l i c  p r o c e s s  t o  o c c u r  b e c a u s e  i t  has  a c o m p e t i t i v e  
e n e r g e t i c  edge  o v e r  t h e  o t h e r s .  D e n i t r i f i e r s ,  which  use  n i t r a t e  as  
t h e i r  t e r m i n a l  e l e c t r o n  a c c e p t o r ,  p ro d u c e  -5 7 9  k c a l / m o l e  g l u c o s e  
e q u i v a l e n t  o x i d i z e d  ( J o n e s ,  1980) .  When n i t r a t e  i s  u sed  up,  s u l f a t e  
r e d u c e r s  become p r e d o m i n a n t .  They p ro d u c e  -220  k c a l / m o l e  g l u c o s e  
e q u i v a l e n t  o x i d i z e d .  The b o t to m  l e v e l s  a r e  do m in a te d  by m e th a n o g e n ic  
b a c t e r i a  w hich  can  use  o r g a n i c s  o r  hydrogen  as  t e r m i n a l  e l e c t r o n  
a c c e p t o r s .  These  o r g a n i s m s  o n l y  p ro d u c e  -9 9  k c a l / m o l e  g l u c o s e  e q u i v a ­
l e n t  o x i d i z e d .  As a r e s u l t  o f  t h i s  s t r u c t u r i n g  an i d e a l i z e d  z o n a t i o n  
o f  p r e d o m i n a n t  m i c r o b i a l  c o m m u n i t ie s  i n  a m a r in e  s e d i m e n t  may be 
c o n s t r u c t e d  ( F i g u r e  6 0 ) .  (The d e n i t r i f i c a t i o n  zone  i s  a b s e n t  b e c a u s e  
n i t r a t e  c o n c e n t r a t i o n s  a r e  so  low i n  m a r in e  e n v i ro n m e n t s  t h a t  d e n i t r i ­
f y i n g  b a c t e r i a  a r e  n o t  num erous ) .
Based on t h e  m a r i n e  m ode l ,  and t h e  b a c t e r i a l  s t u d i e s  r e p o r t e d  
i n  t h i s  r e s e a r c h ,  an a t t e m p t  was made t o  d e v e l o p  an u n d e r s t a n d i n g  o f  
how t h e  RBC b i o f i l m s  e x p o s e d  t o  d i f f e r e n t  t y p e s  o f  mixed l i q u o r s  may 
r e s p o n d .  The model was p r e d i c a t e d  on t h e  f a c t  t h a t  t h e  o v e r r i d i n g  
p r e s s u r e s  on t h e  b a c t e r i a  o f  t h e  RBC b i o f i l m  a r e  ( i )  t o  a d h e r e  t o  t h e  
f i l m  and ( i i )  t o  o b t a i n  t h e  maximum grow th  r a t e  p e r  u n i t  s u b s t r a t e  and 
e n e r g y  a v a i l a b l e .
The d e p t h  o f  t h e  a e r o b i c  l a y e r  i n  t h e  b i o f i l m  w i l l  be a f u n c ­
t i o n  o f  t h e  o r g a n i c  c a rb o n  c o n c e n t r a t i o n  i n  t h e  w a s t e w a t e r  ( F i g u r e  
6 1 ) .  At h ig h  o r g a n i c  o r  h y d r a u l i c  l o a d i n g s  where  l a r g e  amounts o f
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Table 31
S u c c e s s i o n  o f  M i c r o b i a l  M e t a b o l i c  P r o c e s s e s  















CH,0 + 0 ,  -* 
CO! + H ,0
- 6 8 6 In organic-rich environments, this 







5CH,0 + 4NO,- 
+ 4H+ -* 2N. 
+ 5CO- + 7H,0
-579 The redox range varies from +200 
mV ♦ 50 mV (4 ). Denitrification 
occurs below this zone and is 
extremely narrow to nonexistent 










2CH,0 + SO,1" -*  
S1" + 2 CO, .
+ 2H,0
- 2 2 0 A dominant zone in marine 
anaerobic sediments due to high 
SO,1- concentrations (28 mM) 






Methanogenic 2CH,0 — CH, 
+ CO,
-99 Below sulfate-reducing zone in the 
marine environment but often 
prominent in lakes near sediment 
surface where SO,1- 
concentration is low.
a Expressed in kilocalories per mole of glucose equivalent oxidized. AG°, Change in Gibbs free energy.
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Figure 60.
w ater-sed im en ta ry  
column
Ov  o






aerob ic  ^  
respiration ijj
’ r
(anaerob ic  




anaerobic <  
respiration .
CH
I d e a l i z e d  C ro s s  S e c t i o n  o f  a M ar ine  O r g a n i c - R i c h  
S ed im en t  (C la y p o o l  and K ap lan ,  1974)
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Figure 61. I d e a l i z e d  Cross S ec t io n s  o f  RBC B io f i lm s
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e a s i l y  d e g r a d e d  o r g a n i c  c a r b o n  a r e  p r e s e n t ,  d i s s o l v e d  oxygen s u p p l i e s  
w i l l  be r a p i d l y  e x h a u s t e d ,  p o s s i b l y  w i t h i n  60 pm (U .S .  EPA, 1982) o f  
t h e  s u r f a c e .  T h i s  t h e o r y  i s  a l s o  s u p p o r t e d  by t h e  oxygen  m i c r o e l e c ­
t r o d e  work o f  Chen and Bungay (1 9 8 1 ) .  W i th in  t h e  a e r o b i c  l a y e r ,  c e l l  
g row th  and  s y n t h e s i s  a r e  p r o b a b l y  a t  a maximum. N e i t h e r  n i t r o g e n  o r  
p h o s p h o ru s  a r e  l i m i t i n g  t o  g row th .  O r t h o p h o s p h a t e  and o r g a n i c  p h o s ­
p h o ru s  may be s t o r e d  by w a s t e w a t e r  b a c t e r i a  o n l y  i f  s u f f i c i e n t  e n e rg y  
in  t h e  form o f  PHB i s  a v a i l a b l e  (Fuhs  and Chen,  1 975 ) .  Excess  n i t r o ­
gen w i l l  a l s o  be a v a i l a b l e ,  however ,  i t  c a n n o t  be " s t o c k p i l e d "  by 
b a c t e r i a l  c e l l s .
Sudo e t  a l .  ( 1980 )  found  n i t r i f i e r s  p r e s e n t  i n  t h e  b i o f i l m s  in
a l l  com par tm en ts  o f  t h e i r  1 i g h t l y - l o a d e d  RBCs ( T a b l e  11 ) .  These
b a c t e r i a  a r e  o b l i g a t e  a e r o b e s  w h ich  use  oxygen f o r  d i r e c t  i n c o r p o r a t i o n
i n t o  t h e  s u b s t r a t e  and as  a t e r m i n a l  e l e c t r o n  a c c e p t o r  ( F o c h t  and
V e r s t r a t e ,  1977) .  I t  i s  d o u b t f u l ,  however ,  t h a t  a u t o t r o p h i c  n i t r i f i e r s
can  compete e f f e c t i v e l y  w i t h  h e t e r o t r o p h i c  b a c t e r i a  i n  h e a v i l y - l o a d e d
com par tm en ts  b e c a u s e  t h e y  have  such  a c o m p a r a t i v e l y  lo n g  g e n e r a t i o n
t i m e  ( 2 0 -4 0  h a c c o r d i n g  t o  B e l s e r ,  1977) .  A lso  t h e  cytomembrane
m o r p h o l o g i e s ,  c h a r a c t e r i s t i c  o f  a u t o t r o p h i c  n i t r i f i e r s ,  were  n o t
o b s e r v e d  d u r i n g  TEM e x a m i n a t i o n s .  I f  some amount o f  n i t r i f i c a t i o n  i s
p e r f o r m e d  i n  t h e  h e a v i l y - l o a d e d  RBC b i o f i l m s  i t  may be a c c o m p l i s h e d
h e t e r o t r o p h i c a l l y  ( V e r s t r a e t e ,  1975) .  T h i s  p r o c e s s  may be v e r y  l i m i t e d
i n  s c o p e ,  however .  Many o f  t h e  m i c r o o r g a n i s m s  which a r e  c a p a b l e  o f
e f f e c t i n g  h e t e r o t r o p h i c  n i t r i f i c a t i o n  a r e  a l s o  a b l e  t o  p e r f o r m  a e r o b i c
r e s p i r a t i o n  ( T a b l e  3 2 ) .  T hese  o rg a n i s m s  u s e  ammonia,  o r g a n i c  n i t r o g e n ,
and oxygen in  t h e i r  m e t a b o l i c  p r o c e s s e s .  Though t h e i r  r a t e  o f  n i t r i t e
3 4and n i t r a t e  p r o d u c t i o n  i s  10 -1 0  t i m e s  s m a l l e r  t h a n  t h a t  o f  a u t o t r o p h i c
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Table 32
N i t r i f i c a t i o n  by H e t e r o t r o p h i c  Organisms  
( F o c h t  and V e r s t r a e t e ,  1977)
Substrate Product Organism




(a) Free hydroxylamine (N H jO H )
(b) H ydroxyiam ino com pounds (R —NHOH) 
/V-hydroxyaspartic acid
Fluopsin
(c) Oximes (RC**N OH )
3-(Oximinoacetamido>-acrylamine oxime
(d) Hydroxam ic acids (RCO NH O H)






















Aspergillus flam s  


















(3) Trihydroxam ic acids
Ferrioxamine A t , A *. B, C  D t, D : , 












Com pound XFe 
N ocardam inc
Free hydroxylamine 
If. The formation o f  amine oxides (R iN —Of 
Ammonium Pulcherrimintc acid




Penicillium griseofulcum  
Aerobacter aerogenes
Arthrobacter pascens 
Bacillus megaterium  
Rhodoturula spp. and o ther yeasts 



















Streptomyee r tiuolcfus 
Pseudomonas pyocyanca
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/V,;V-dimethyi tryptam ine 
Bufotenine
(O -M ethyl-aci-nitro) crotonic acid
Hnteromycin
III. 77/e form ation o f  nitroso compounds 
A m m onium  (a) /V-Nitroso com pounds fN —NO)
or am ino 4-M ethylnitrosam inobenzaldehyde
nitrogen Streptozotocin
(b) /V-Nitroso hydroxylamino com pounds
( - N O H —NO)
Fragin
Alanosine
(c) C-Nitroso com pounds (C —NO) 
Ferroverdin
1-NitrosoethanoI




















N itrite (a) iV-Nitroso com pounds M any bacteria






id) N itrite (N O j)






p-N itrobenzoic acid 




















com pounds N itm c Various bacteria and fungi
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Various yeasts and fungi





V. The formation o f  nitrate 
Ammonium 
or am ino 
nitrogen
Nitrite
N itro com pounds 
aliphatic
A rom atic
N itro com pound (C —N0 2) 
Chloramphenicol



















n i t r i f i e r s  ( T a b l e  3 3 ) ,  t h e y  may p r o d u c e  some amount o f  o x i d i z e d  
n i t r o g e n  which  would be r e l e a s e d  i n t o  t h e  b i o f i l m  and p r o b a b l y  u sed  
i m m e d i a t e l y  by d e n i t r i f y i n g  b a c t e r i a  ( s e e  s u b s e q u e n t  d i s c u s s i o n ) .
I f  a s o u r c e  o f  f-^S i s  a v a i l a b l e  t o  t h e  c e l l s  as  a r e s u l t  o f  
s u l f a t e  r e d u c t i o n  i n  lo w er  l a y e r s  o f  t h e  b i o f i l m  ( s e e  s u b s e q u e n t  
d i s c u s s i o n ) ,  b a c t e r i a  w h ich  s t o r e  s u l f u r  may a l s o  i n h a b i t  t h e  
o x y g e n a t e d  zone  o f  t h e  b i o f i l m .  M ic r o o r g a n i s m s ,  s i m i l a r  t o  B e g g i a t o a , 
u s e  oxygen  t o  t r a n s f o r m  t o  S° .  S u l f u r - c o n t a i n i n g  b a c t e r i a  were  
o b s e r v e d  i n  t h e  h e a v i l y  l o a d e d  c o m p a r tm e n t s .  P l a q i o p y l a , a c i l i a t e  
which f e e d s  e x c l u s i v e l y  on s u l f u r  b a c t e r i a ,  was o b s e r v e d  i n  a s s o c i a ­
t i o n  w i t h  t h e s e  f i l a m e n t s  ( F e n c h e l ,  1968) .  The p r o b a b l e  s u l f u r  
i n c l u s i o n s  w ere  o f t e n  q u i t e  numerous  s u g g e s t i n g  t h a t  s i g n i f i c a n t  
amounts  o f  HgS m ig h t  have b een  a v a i l a b l e .
Once t h e  oxygen s u p p l y  i s  e x h a u s t e d  w i t h i n  t h e  f i l m ,  a n a e r o b i c  
m e t a b o l i c  p r o c e s s e s  become p r e d o m i n a n t .  In  t h e  few c a r e f u l  m i c r o b i o ­
l o g i c a l  s t u d i e s  p e r fo rm e d  t o  i s o l a t e  and c u l t u r e  w a s t e w a t e r  b a c t e r i a  
( s e e  L i t e r a t u r e  Rev iew ) ,  t h e  r e s e a r c h e r s  have u s u a l l y  en u m e ra te d  
m i c r o o r g a n i s m s  which  a r e  f a c u l t a t i v e  a e r o b e s .  These  o rg a n i s m s  a r e  
t h e r e f o r e  a b l e  t o  t o l e r a t e  and e x p l o i t  a e r o b i c ,  m i c r o a e r o p h i l i c ,  and 
a n a e r o b i c  c o n d i t i o n s .  When t h e y  a r e  on t h e  s u r f a c e  o f  t h e  f i l m  t h e y  
can  p e r f o r m  a e r o b i c  p r o c e s s e s ;  when b i o f i l m  g row th  o c c u r s  t h e y  w i l l  
become overgrow n by new c e l l s ,  and w i l l  r e v e r t  t o  v a r i o u s  a n a e r o b i c  
a n d / o r  f e r m e n t a t i v e  p r o c e s s e s .
W i th in  t h e  b i o f i l m ,  oxygen may n o t  be a v a i l a b l e  f o r  a e r o b i c  
m e t a b o l i c  p r o c e s s e s .  O r g a n ic  c a r b o n  w i l l  p r o b a b l y  be a v a i l a b l e  w i t h i n  
t h e  b i o f i l m  i n  h e a v i l y  l o a d e d  co m p a r tm e n t s .  I t s  a v a i l a b i l i t y  w i l l  be 
a  f u n c t i o n  o f  t h e  s u b s t r a t e  d i f f u s i o n  r a t e .  A n a e r o b ic  p r o c e s s e s  o f t e n
205
Table 33
Rate o f  F o rm a t io n  o f  P r o d u c t  
H e t e r o t r o p h i c  and A u t o t r o p h i c  N i t r i f i e r s  
( F o c h t  and V e r s t r a e t e ,  1977)
R ate o f form ation M axim um  concentration
Nitrification of product o f product"
Organism Substrate product (jig N /day/g dry cells) (p.g N /m l)
H eterotrophs
Arthrobacter sp. N H J  + H ydroxylam ine 12 0.2
succinate N itrite 375 0.2
N itrate 250 4.5
Arthrobacter sp. N H J  + N itrite — 1.6
organic N N itrate — 14.1
Arthrobacter sp. N H J  +
organic N  +  
acetate
N itrite
+  N itrate
2800 1.0
Arthrobacter sp. N H J  + H ydroxylam ine 4500 15.0
acetate N itrite 9000 18.0
N itrate 650 2.0
H ydroxam ic acid 600 6.0
1-N itrosoethanol 300 10.0
Pseudomonas Acetaldoxime N itrite 2000 150.0
aeruginosa
Hansenuia mrakii N itroethane
1-N itropropane
2-N itropropane
N itrite 1680 2.8








Nitrosomonas sp. N H J N itrite 1,000,000-30,000,000 2000-4000
Nitrobacter sp. N O j N itrate 5,000,000-70,000,000 2000-4000
“ Growing culture studies; resting cells may give rise to higher accumulations.
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p ro d u c e  o r g a n i c  i n t e r m e d i a t e s  which  w i l l  a l s o  be a v a i l a b l e  a s  a ca rb o n  
s o u r c e  f o r  o t h e r  b i o f i l m  b a c t e r i a .  Under o x y g e n - 1 i m i t i n g  c o n d i t i o n s  
and when e x c e s s  o r g a n i c  c a r b o n  i s  a v a i l a b l e  most  b a c t e r i a  w i l l  s t o r e  
PHB ( S h i v e l y ,  1974;  Ward e t  a l . ,  1977;  M i t c h e l l  and  Dawes,  1982;
S e n i o r  and Dawes,  1973;  S e n i o r  e t  a l . ,  1972) .  In  t h e  h e a v i l y - l o a d e d  
RBC b i o f i l m s ,  a l a r g e  number o f  c e l l s  c o n t a i n e d  P H B -l ike  i n c l u s i o n s  
i n d i c a t i n g  t h a t  an o v e r a b u n d a n c e  o f  o r g a n i c  c a r b o n  was p r o b a b l y  a v a i l ­
a b l e  and t h a t  oxygen  was n o t  p l e n t i f u l .  P o l y g l u c o s i d e  g r a n u l e s ,  t h e  
o t h e r  form o f  o r g a n i c  c a r b o n  s t o r a g e  u sed  by b a c t e r i a ,  were  r a r e l y  
o b s e r v e d .  They a r e  t h e  p r e f e r r e d  form o f  s t o r a g e  when n i t r o g e n ,  
p h o s p h o r u s ,  o r  s u l f u r  a r e  l i m i t i n g  ( S h i v e l y ,  1974) .  The r e s u l t s  o f  
t h i s  r e s e a r c h  t e n d  t o  i n d i c a t e  t h a t  t h e s e  s u b s t a n c e s  (N ,P ,  and S) were  
p l e n t i f u l  w i t h i n  t h e  RBCs.
P o l y p h o s p h a t e  can  be s t o r e d  by A c i n e t o b a c t e r  i n  a c t i v a t e d  
s l u d g e  w a s t e w a t e r  t r e a t m e n t  p l a n t s  when an i n t r a c e l l u l a r  s t o r e  o f  PHB 
i s  p r e s e n t  (F uhs  and  Chen,  1975) .  In  c o n d i t i o n s  where  e x c e s s  p h o s ­
p h a t e  i s  a v a i l a b l e ,  PHB s e r v e s  as  an e n e r g y  s o u r c e  f o r  c o n v e r s i o n  o f  
p h o s p h a t e  t o  p o l y p h o s p h a t e .  Fuhs and Chen (1 9 7 5 )  p o s t u l a t e d  t h a t  
o x y g e n - 1 i m i t i n g  c o n d i t i o n s  must  e x i s t  in  o r d e r  f o r  h e t e r o t r o p h s  t o  
e f f e c t  t h e  s t o r a g e .  As a r e s u l t ,  t h e  amount o f  p o l y p h o s p h a t e  s t o r a g e  
w i l l  be a f u n c t i o n  o f  t h e  amount o f  PHB s t o r a g e  w i t h i n  t h e  f i l m .
Depending  on t h e  amount o f  n i t r i f i c a t i o n  which  o c c u r s  i n  t h e  
a e r o b i c  l a y e r s  o f  t h e  b i o f i l m ,  a c e r t a i n  amount o f  d e n i t r i f i c a t i o n  may 
t a k e  p l a c e  a s  n i t r i t e  and n i t r a t e  become a v a i l a b l e .  Some sm al l  amount 
o f  n i t r a t e  may a l s o  be a v a i l a b l e  from p r o t o z o a n  e x c r e t i o n  ( J o h a n n e s ,  
1965; S t o u t ,  1980) .  Both n i t r i t e  and n i t r a t e  may be u sed  by d e n i t r i ­
f y i n g  b a c t e r i a  (Y o m at t ,  1954;  Vagnai  and K l e i n ,  1974) .  F o c h t  and Chang
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( 1 9 7 5 ) ,  Prahasam and Loehr ( 1 9 7 2 ) ,  and V oe ts  e t  a l . (19 7 5 )  have s u s ­
p e c t e d  t h a t  d e n i t r i f i c a t i o n  may be o c c u r r i n g  i n  t r a d i t i o n a l  s e c o n d a r y  
t r e a t m e n t  p r o c e s s e s .  I f  s u f f i c i e n t  amounts o f  o x i d i z e d  n i t r o g e n  a r e  
n o t  a v a i l a b l e ,  t h e s e  o rg a n i s m s  c o u l d  s w i t c h  t o  a f a c u l t a t i v e  f e r m e n t a ­
t i v e  m e ta b o l i s m .  Most o f  them have such  a c a p a b i l i t y  ( T a b l e  3 4 ) .
In  t h o s e  f i l m s  w here  m i c r o b i a l  s u l f u r  s t o r a g e  i s  o b s e r v e d  and 
in  h e a v i l y  o v e r l o a d e d  c o n d i t i o n s ,  i t  i s  l i k e l y  t h a t  I^S  i s  p r o d u c e d  as 
a b y p r o d u c t  o f  s u l f a t e  r e d u c t i o n  o r  t h e  d e g r a d a t i o n  o f  s u l f u r - c o n t a i n ­
ing  o r g a n i c s .  These  p r o c e s s e s  a r e  a n a e r o b i c  and s i g n i f i c a n t  p o p u l a t i o n s  
o f  t h e  m i c r o o r g a n i s m s  w hich  use t h e s e  m e t a b o l i c  pa thways  w i l l  p r o b a b l y  
o n ly  d e v e l o p  where s l o u g h i n g  r a t e s  a r e  low ( i . e .  f i l m  i s  r e t a i n e d  on 
t h e  d i s k s  f o r  a t i m e ) .  Large  amounts o f  s u l f a t e  a r e  a v a i l a b l e  in  
sewage so i t s  s u p p ly  w i l l  p r o b a b l y  n o t  be l i m i t i n g .  One i n d i c a t i o n  
t h a t  p r o d u c t i o n  i s  o c c u r r i n g  i n  t h e  s u b l a y e r s  o f  t h e  o v e r l o a d e d  
b i o f i l m s  i s  o b t a i n e d  in  g r o s s  e x a m i n a t i o n  o f  t h e  f i l m s  which have 
b l a c k  s u b l a y e r s  and e m i t  m a lodo rous  g a s e s .  When removing t h e  to p m o s t  
l a y e r s  o f  t h e  f i l m  t h e  sm el l  o f  I^S  was o f t e n  s t r o n g .  In a d d i t i o n ,  
b l a c k  p r e c i p i t a t e s  o f t e n  o c c u r r e d  in  t h e  p r e s e n c e  o f  I^S  as  me ta l  
s u l f i d e s  formed.  P l a g i o p y l a , a c i l i a t e  which p r e f e r s  e n v i ro n m e n t s  
r i c h  in  i ^ S ,  was o b s e r v e d  i n  t h e  o v e r l o a d e d  f i l m s .  T h i s  f u r t h e r  
i n d i c a t e s  t h a t  s u l f a t e  r e d u c t i o n  may have been  o c c u r r i n g  t o  p ro d u c e  
H2S ( F e n c h e l , 1968a) .
I f  l o n g  f i l m  r e t e n t i o n  t i m e s  o c c u r  s i m u l t a n e o u s l y  w i t h  h ig h  
o r g a n i c  and h y d r a u l i c  l o a d i n g s ,  i t  i s  p o s s i b l e  t h a t  a l l  o f  t h e  s u l f a t e  
and o r g a n i c  s u l f u r  compounds may be e x h a u s t e d .  Under such  c o n d i t i o n s ,  
methanogens  may i n h a b i t  t h e  i n n e r m o s t  l a y e r s  o f  t h e  b i o f i l m .  Using 
420 nm l i g h t  and e p i f l u o r e s c e n t  t e c h n i q u e s ,  m e thanogens  have been
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TABLE 34
R e p o r t e d  Genera  o f  D e n i t r i f y i n g  B a c t e r i a  
( F o c h t  and V e r s t r a e t e ,  1977)
A c i n e t o b a c t e r  
G 1 u c o n o b a c t e r  (A ce tom onas )
A l c a l i g e n e s  (A c h r o m o b a c te r ) 
B a c i l l u s  
Cytophaga 
F l a v o b a c t e r i u m  
H a l o b a c t e r i u m  
H.yphomicrobium 
M icrococ cus  
M o r a x e l l a  
P a r a c o c c u s  
P r o p i o n o b a c t e r i u m  
Pseudomonas 
Rhodopseudomonas 
S p i r i l l u m  
T h i o b a c i l l u s  
Vi b r i o
Xanthomonas
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d e t e c t e d  i n  t h e  b i o f i l m s  o f  o v e r l o a d e d  com par tm en ts  (S w i tzenbaum ,  
1983) .  T h e i r  numbers ,  however ,  were  low.
As o r g a n i c  l o a d i n g s  i n  s u b s e q u e n t  com par tm en ts  d e c r e a s e ,  t h e  
p a t t e r n  and d e p t h  o f  t h e  b i o f i l m  b i o g e o c h e m i c a l  zo n es  w i l l  change .
The a e r o b i c  l a y e r  w i l l  become t h i c k e r  and t h e  s u l f u r  s t o r i n g  b a c t e r i a  
w i l l  be e l i m i n a t e d  a s  f-^S a v a i l a b i l i t y  d e c r e a s e s .  The a v a i l a b i l i t y  o f  
o r g a n i c  s u b s t r a t e  w i l l  d e t e r m i n e  t h e  t y p e  and amount o f  a n a e r o b i c  
r e s p i r a t i o n  which  o c c u r s .  P re sum ab ly  m e t h a n o g e n e s i s , s u l f a t e  r e d u c ­
t i o n ,  d e n i t r i f i c a t i o n  ( i f  p r e s e n t ) ,  and f a c u l t a t i v e  f e r m e n t a t i o n  w i l l  
be e l i m i n a t e d  ( i n  t h a t  o r d e r )  a s  t h e  r a t i o  o f  c a r b o n  t o  oxygen a v a i l ­
a b l e  a p p r o a c h e s  u n i t y .  Under such  c o n d i t i o n s ,  a u t o t r o p h i c  a n d / o r  
h e t e r o t r o p h i c  n i t r i f i c a t i o n  may become i n c r e a s i n g l y  more i m p o r t a n t  and
hence  d e n i t r i f i c a t i o n  may be e n h an c ed .  I t  a p p e a r s  from o u r  s t u d i e s
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t h a t  i n  com par tm en ts  w i t h  ROLR g r e a t e r  t h a n  0 . 3 6  g TOC/ m *RT, a e r o b i c  
r e s p i r a t i o n  may be t h e  m a jo r  form o f  m e t a b o l i s m ,  and c a r b o n ,  r a t h e r  
t h a n  oxygen ,  may be l i m i t i n g .  In  com par tm en ts  where a u t o t r o p h i c  
n i t r i f i c a t i o n  o c c u r s ,  t h e  b u l k  o f  t h e  n i t r o g e n  compounds w i l l  be 
o x i d i z e d ,  due t o  t h e  e f f i c i e n c y  o f  t h e s e  o rg a n i s m s  ( T a b l e  3 3 ) .  The 
o r g a n i c  ca rb o n  c o n c e n t r a t i o n s ,  which  a r e  so low in  t h e  l a s t  c o m p a r t ­
ments  o f  t h e  RBCs, w i l l  l i m i t  and e v e n t u a l l y  e l i m i n a t e  a l l  b u t  t h e  
h a r d i e s t  h e t e r o t r o p h i c  b a c t e r i a ,  such  as  t h e  p r o s e t h e c a t e s .  I f  f i l m s  
a r e  t h i c k  a n d / o r  ammoniacal  and o r g a n i c  n i t r o g e n  l e v e l s  h i g h ,  t h e  l a c k  
o f  oxygen may l i m i t  n i t r i f i c a t i o n .
P r o t o z o a  and Metazoa
"The r e l a t i o n s h i p  be tween  p r o t o z o a  and t h e i r  e n v i r o n ­
ment can be e x c e e d i n g l y  com plex ,  and i f  one t h i n g  
c o u l d  be s a i d  t o  be c h a r a c t e r i s t i c  o f  com m uni t ie s  
c o n t a i n i n g  p r o t o z o a ,  i t  would be t h a t  t h e y  p o s s e s s
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t h e  c a p a c i t y  f o r  sudden change  i n  do m in a n t  o r g a n i s m s . "
( H a m i l t o n ,  1963)
The u n iq u e  c a p a c i t i e s  and c h a r a c t e r i s t i c s  o f  p r o t o z o a  have 
been r e c o g n i z e d  f o r  a long  t i m e .  U n f o r t u n a t e l y ,  o u r  u n d e r s t a n d i n g  o f  
t h e  p r o c e s s e s  c o n t r o l l i n g  t h e  e x p r e s s i o n  o f  t h e s e  t r a i t s  i s  l i m i t e d .  
P r o t o z o a  have f o u r  d i s t i n c t i o n s  which  make them u n iq u e  among t h e  
e u c a r y o t e s .  They ( i )  a r e  s m a l l ,  s i n g l e - c e l l e d  o r g a n i s m s ,  ( i i )  have 
h ig h  m e t a b o l i c  and ( i i i )  h ig h  r e p r o d u c t i v e  r a t e s ,  and ( i v )  have a 
r e m a r k a b ly  h ig h  y i e l d  o r  a b i l i t y  t o  c o n v e r t  o r g a n i c  m a t t e r  i n t o  new 
c e l l  b io m a s s .  I n d i v i d u a l  p r o t o z o a n  p o p u l a t i o n s  a r e  u s u a l l y  c h a r a c ­
t e r i z e d  by t h e  numbers and s i z e  o f  t h e  i n d i v i d u a l s  and t h e i r  d i s t r i b u ­
t i o n  ( S t o u t ,  1980) .
P r o t o z o a  and m etozoa  i n h a b i t i n g  RBC b i o f i l m s  were  s t u d i e d  in  
t h i s  r e s e a r c h  t o  answ er  s e v e r a l  q u e s t i o n s .  P r e v i o u s  e f f o r t s  have been 
made t o  f i n d  o u t  wha t  t y p e s  o f  o rg a n i s m s  a r e  p r e s e n t  i n  RBCs. Though 
many r e s e a r c h e r s  have examined t h e  b i o f i l m  ( s e e  L i t e r a t u r e  R ev iew ) ,  
many o f  t h e i r  i d e n t i f i c a t i o n s  a r e  q u e s t i o n a b l e  b e c a u s e  o f  t h e  t e c h n i ­
ques  t h e y  employed .  As a r e s u l t ,  an a t t e m p t  was made i n  t h e s e  s t u d i e s  
t o  make c a r e f u l  i d e n t i f i c a t i o n  o f  p r o t o z o a  and m e tazoa  u n d e r  t h e  
g u i d a n c e  o f  Dr. C o l i n  R. Curds  ( C u r a t o r  o f  P r o t o z o o l o g y ,  B r i t i s h  
Museum-Natura l  H i s t o r y ) .  I n  c o n j u n c t i o n  w i t h  t h i s ,  an a t t e m p t  was 
a l s o  made t o  d e t e r m i n e  t h e  t o l e r a n c e s  o f  t h e s e  o rg a n i s m s  t o  ch a n g e s  in  
t h e  c o n t a c t o r ' s  e n v i ro n m e n t .  B ick  and h i s  a s s o c i a t e s  (1 9 6 8 ,  1971) 
have  b a s e d  t h e i r  renowned c l a s s i f i c a t i o n  scheme o f  s t r e a m  c i l i a t e s  on 
t h e  c o n c e n t r a t i o n s  o f  s e v e r a l  c h em ica l  p a r a m e t e r s  such  as  NH^+ , N02 , 
d i s s o l v e d  oxygen and pH. Hav ing  i d e n t i f i e d  t h e  o rg a n i s m s  p r e s e n t  and
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t h e i r  t o l e r a n c e s ,  i t  was i m p o r t a n t  t o  t r y  t o  u n d e r s t a n d  w h a t  f a c t o r s  
c o n t r o l l e d  t h e i r  d i s t r i b u t i o n .  As a c o r o l l a r y  t o  t h i s ,  t h e i r  r o l e  in  
t h e  RBC needed  t o  be e l u c i d a t e d .  P e rh a p s  t h e  most  i m p o r t a n t  q u e s t i o n  
was t o  s e e  i f  t h e  p r o t o z o a  and m e tazoa  c o u l d  be u sed  t o  " p r e d i c t "  
e f f l u e n t  q u a l i t y ,  and i f  s o ,  c o u l d  c e r t a i n  s p e c i e s  be c o n s i d e r e d  
t o g e t h e r  t o  s i m p l i f y  t h e  p r e d i c t i v e  p r o c e d u r e s .
The r o l e  o f  p r o t o z o a  i n  w a s t e w a t e r  t r e a t m e n t  s y s t e m s  has  been  
s t u d i e d  by s e v e r a l  a u t h o r s  and t h e y  have  p o s t u l a t e d  s e v e r a l  f u n c t i o n s .  
P r o t o z o a  have been  i m p l i c a t e d  by a few r e s e a r c h e r s  a s  t h e  p r i m a r y  
rem overs  o f  o r g a n i c  m a t t e r  i n  t h e  p r o c e s s  b e c a u s e  t h e y  may be a b l e  t o  
a s s i m i l a t e  d i r e c t l y  o r g a n i c  m a t t e r  such  as  s im p l e  s u g a r s  (Brown, 1967; 
T s u c h i y a  e t  a l . ,  1972;  Gude,  1979) .  These  t h e o r i e s  have n o t  e n j o y e d  
much s u p p o r t ,  however ,  b e c a u s e  t h e  e x t e n t  o f  p r o t o z o a n  a s s i m i l a t i o n  
c a p a c i t y  i s  l i m i t e d .  Most r e s e a r c h  has i n d i c a t e d  t h a t  p r o t o z o a  and 
m e tazo a  a r e  s e c o n d a r y  c o n t r i b u t o r s  t o  t h e  o r g a n i c  removal  p r o c e s s e s  by 
e n h a n c in g  b a c t e r i a l  u p t a k e  o f  o r g a n i c s .  I n  such  a c a p a c i t y  t h e y  
m a i n t a i n  t h e  " y o u th "  o f  t h e  b a c t e r i a l  f l o e s  ( J o h a n n e s ,  1965) .  S e v e r a l  
mechanisms f o r  t h i s  p r o c e s s  have been s u g g e s t e d .  Hunt e t  a l . (1977 )  
p r o p o s e d  t h a t  t h e  g r a z i n g  o f  p r o t o z o a  on b a c t e r i a  s t i m u l a t e s  m i n e r a l i ­
z a t i o n  and r e s p i r a t i o n  and s e l e c t s  f o r  r a p i d l y  g row ing  h e t e r o t r o p h s .
In  a d d i t i o n ,  t h e i r  e x p e r i m e n t s  and com p u te r  models  show t h a t  a s  p r o ­
t o z o a  g r a z e  on b a c t e r i a ,  t h e y  e f f e c t  an i n c r e a s e  i n  t h e  amount o f  
l i m i t i n g  n u t r i e n t  a v a i l a b l e  and t h e r e f o r e  e f f e c t  an i n c r e a s e  i n  t h e  
g row th  r a t e  o f  t h e i r  p r e y .  Maxham and Hickman (1974 )  s u g g e s t e d  t h a t  
p r o t o z o a n  p r e d a t i o n  on a c t i v a t e d  s l u d g e  e n h a n c e s  s u b s t r a t e  d i f f u s i o n  
i n t o  t h e  f l o e ' s  c o r e .  O t h e r  r e s e a r c h e r s  s t r e s s e d  t h e  r o l e  o f  p r o t o z o a  
in  a c t i v e  r e g e n e r a t i o n  o f  n u t r i e n t s  such  a s  p h o s p h a t e  and ammonium by
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p o i n t i n g  t o  t h e i r  r e l a t i v e l y  r a p i d  two ho u r  d i g e s t i o n  p e r i o d  ( S t o u t ,  
1973; J o h a n n e s ,  1965; N i l s s o n ,  1977;  Hunt e t  a l . ,  1977;  B a r s d a t e  e t  
a l . ,  1974;  Cole  e t  a l . ,  1978) .  Some e v i d e n c e  showed t h a t  p r o t o z o a  
s e c r e t e  g row th  s t i m u l a t i n g  o r  i n h i b i t i n g  s u b s t a n c e s  such  as  h e t e r o ­
a u x i n  ( N i k o l j u k ,  1969;  L e g n e r ,  1973; Gude,  1979;  Hunt e t  a l . ,  1977) .
The b u l k  o f  t h e  r e s e a r c h  i n d i c a t e d  t h a t  p r o t o z o a  e l i m i n a t e  t h e  
m a j o r i t y  o f  f r e e  o r  d i s p e r s e d  b a c t e r i a ,  e s p e c i a l l y  t h e  e n t e r i c  s p e c i e s ,  
from t h e  w a s t e w a t e r  t r e a t m e n t  p r o c e s s  and in  t h i s  manner  lo w e r  e f f l u e n t  
BOD and s u s p e n e d  s o l i d s  (C urds  e t  a l . ,  1968; Curds and Fey ,  1969;  Gude 
1979) .  T h i s  t h e o r y  i s  r e i n f o r c e d  by d a t a  c o l l e c t e d  from o t h e r  e n v i r o n ­
m e n ts ,  such  as  t h e  ocean  and  s o i l ,  which  i m p l i c a t e  p r o t o z o a  a s  m a jo r  
b a c t e r i a l  p r e d a t o r s  ( C u l t e r ,  1923;  N i k o l j u k ,  1969;  E n z i n g e r  and Cooper ,  
1976;  Habte  and A l e x a n d e r ,  1977) .
A few o t h e r  r o l e s  have  been a s s i g n e d  t o  p r o t o z o a ,  b u t  have 
r e c e i v e d  l e s s  s u p p o r t .  A two s t e p  mechanism f o r  f l o c c u l a t i o n  o f  f r e e  
b a c t e r i a  by c i n a t e s  was n o t e d  by Curds (1 9 6 3 )  and H ard in  (1 9 4 3 ) .  The 
c i l i a t e s  form f l o c c u l e s  by s e c r e t i n g  p o l y s a c c h r i d e s  and b i n d  t h e  
f l o c c u l e s  u s i n g  a m u c o p r o t e i n  t o  form f l o e s .  A r o l e  i n  n i t r i f i c a t i o n  
was p o s t u l a t e d  f o r  E p i s t y l i s  ( P i l l a i  and Subrahmanyan;  1 9 4 3 ) ,  b u t  
n e v e r  f u l l y  e x p l a i n e d .  P r o t o z o a n  l o c o m o t i o n ,  u s i n g  f l a g e l l a  o r  c i l i a ,  
has been p o s t u l a t e d  t o  be a m ix ing  f o r c e  a s s u r i n g  some d e g r e e  o f  
r e g e n e r a t i o n  o f  n u t r i e n t s  i n  t h e  boun d a ry  l a y e r  be tween  t h e  f l o e  o r  
f i l m  s u r f a c e  and t h e  b u l k  l i q u i d  ( L l o y d ,  1945) .
R e g a r d l e s s  o f  t h e  r o l e  o f  p r o t o z o a  i n  w a s t e w a t e r  t r e a t m e n t ,  
t h e y  have been u sed  i n  s e v e r a l  schemes t o  p r e d i c t  e f f l u e n t  q u a l i t y  and 
i n d i c a t e  t h e  " h e a l t h "  o f  t h e  s y s tem .  As d e t a i l e d  i n  t h e  L i t e r a t u r e  
Review, t h e  a v a i l a b l e  schemes may be d i v i d e d  i n t o  two c a t e g o r i e s ;
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t h o s e  which  i n v o l v e  s p e c i f i c  i d e n t i f i c a t i o n s  o f  p r o t o z o a  (C urds  and 
Cockburn ,  1970a;  Sudo e t  a l . ,  1979;  K r e l l , 1980; R e id ,  1969; Reynold-  
s o n ,  1942;  S c h o f i e l d ,  1971;  B ark ,  1973; G a y lo r d ,  1971; W i l d e r e r ,  1982;  
Horasawa,  1968; Varma e t  a l . ,  1973) and t h o s e  which  r e l y  on c l a s s i f i ­
c a t i o n  by g e n e r a l  c h a r a c t e r i s t i c s  such  a s  a t t a c h m e n t ,  m o t i l i t y ,  o r  
mode o f  e x i s t e n c e  ( s o l i t a r y  v s .  c o l o n i a l )  ( C u r d s ,  1971;  Curds  and 
Cockburn ,  1970b; McKinney and Gram, 1 954 ) .
U n f o r t u n a t e l y , t h e  use  o f  t h e s e  s t r a t e g i e s  has  been hampered 
by s e v e r a l  p ro b le m s .  The main r e a s o n  f o r  t h i s  has  been  t h a t  t e c h n i ­
ques  were  d e s i g n e d  w i t h o u t  c o n s i d e r i n g  t h e  p r i m a r y  g o a l s  o f  t h e  p r o c e ­
d u r e ,  i . e .  t o  g i v e  an o p e r a t o r  a f a s t ,  a c c u r a t e  and s im p l e  way t o  
p r e d i c t  e f f l u e n t  q u a l i t y .  For  exam ple ,  t h e  t e c h n i q u e s  r e q u i r e d  f o r  
i d e n t i f i c a t i o n  e i t h e r  were  t o o  d i f f i c u l t  and t i m e - c o n s u m i n g  f o r  w a s t e ­
w a t e r  t r e a t m e n t  p l a n t  o p e r a t o r s  t o  u s e ,  o r  t h e y  were  t o o  g e n e r a l  t o  
r e l i a b l y  p r e d i c t  e f f l u e n t  q u a l i t y .  I d e n t i f i c a t i o n  o f t e n  r e q u i r e d  an 
o p e r a t o r  t o  p e r fo rm  e x t e n s i v e  s t a i n i n g  p r o c e d u r e s  and make s p l i t - s e c o n d  
o b s e r v a t i o n s  on o rg a n i s m s  a s  t h e y  d a r t e d  a c r o s s  t h e  m ic r o s c o p e  f i e l d .  
O f t e n ,  i n d i c a t o r  o rg a n i s m s  were  o n ly  p r e s e n t  i n  low numbers making i t  
much more d i f f i c u l t  f o r  t h e  o p e r a t o r  t o  s p o t  them d u r i n g  t h e  exam i­
n a t i o n .  A dequa te  t e c h n i q u e s  which  meet  t h e  needs  o f  RBC o p e r a t o r s  
have n o t  been  a v a i l a b l e ,  s im p l y  b e c a u s e  no one d e s i g n e d  a t e s t  b a s e d  
on t h e  o p e r a t o r ' s  r e q u i r e m e n t s .
In  d e s i g n i n g  a p r e d i c t i o n  method,  one must  a b i d e  by c e r t a i n  
g u i d e l i n e s .  A p r o c e d u r e  mus t  be d e s i g n e d  t o  f i t  t h e  u s e r ,  i . e .  t h e  
t r e a t m e n t  p l a n t  o p e r a t o r  who has  l i t t l e  ( i )  m ic ro s c o p y  e x p e r i e n c e ,
( i i )  e x p e r t i s e  w i t h  p r o t o z o a n  i d e n t i f i c a t i o n  t e c h n i q u e s ,  o r  ( i i i )  t i m e  
f o r  c o n d u c t i n g  e x a m i n a t i o n s .  E f f e c t i v e  p r o c e d u r e s  mus t  t h e r e f o r e  be
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b a s e d  on i d e n t i f i c a t i o n s  o f  o n ly  a few o rg a n i s m s  which a r e  r e l a t i v e l y  
e a s y  t o  i d e n t i f y  and which  a r e  p r e s e n t  i n  l a r g e  numbers .  The r e q u i r e d  
t e c h n i q u e s  must  be f a s t ,  e a s y ,  and u se  a v a i l a b l e  eq u ip m en t .  In  a d d i ­
t i o n ,  t h e y  must  be s im p l e  t o  l e a r n .  Above a l l ,  a good c o r r e l a t i o n  
must  e x i s t  be tween t h e  p r e s e n c e  o f  a g i v e n  p r o t o z o a n  and metazoan  
community,  and t h e  e f f l u e n t  q u a l i t y  a n d / o r  t h e  s y s t e m ' s  " h e a l t h " .
The r e s u l t s  o f  t h e  Water  R e s e a rc h  C e n t r e  and U.S.  RBC p l a n t  
s t u d i e s  were a n a l y z e d  i n  an a t t e m p t  t o  answ er  t h e  b a s i c  q u e s t i o n s  
c o n c e r n i n g  p r o t o z o a  and m e ta z o a  in  RBCs and t o  d e v i s e  an a d e q u a t e  
p r e d i c a t i v e  scheme f o r  e f f l u e n t  q u a l i t y  and s y s tem  " h e a l t h " .
W. R.C. E x p e r i m e n t s . A l a r g e  amount o f  v a r i a b i l i t y  was mea­
s u r e d  in  t h e  com par tm e n ta l  and e f f l u e n t  TOCs and t u r b i d i t i e s  o f  t h e  
W.R.C. RBCs ( F i g u r e s  28 ,  29 ,  32 ,  and 3 3 ) .  Much o f  t h i s  e f f e c t  was a 
f u n c t i o n  o f  t h e  v a r i a b i l i t y  i n  t h e  i n f l u e n t  c o n c e n t r a t i o n s  o f  t h e s e  
p a r a m e t e r s  which changed  c o n s i d e r a b l y  on a d a i l y  b a s i s  ( F i g u r e s  27 and 
3 1 ) .  The e f f e c t  o f  t h e  c h a n g i n g  i n f l u e n t  c o n c e n t r a t i o n  was most  
v i s i b l e  i n  t h e  e a r l i e s t  c om par tm e n ts  and was dampened in  t h e  l a t t e r  
com par tm e n ts .  T h e re  was a g r e a t e r  d e g r e e  o f  in d e p e n d e n c e  be tween  t h e  
i n f l u e n t  TOC and t u r b i d i t y  and t h e  q u a l i t y  o f  t h e  e f f l u e n t  p ro d u c e d  i n
t h e  e x p e r i m e n t a l  u n i t ,  e s p e c i a l l y  d u r i n g  t h e  p e r i o d  when t h e  TOLR was
2
e i t h e r  4 . 0  o r  2 . 0  g TOC/m *d. T h i s  e f f e c t  i s  shown more c l e a r l y  when 
t h e  o v e r a l l  p e r c e n t  removal  o f  TOC and t u r b i d i t y  f o r  t h e  c o n t r o l  and 
e x p e r i m e n t a l  RBCs i s  p l o t t e d  ( F i g u r e s  30 and 3 4 ) .  With d e c r e a s i n g  
TOLR, t h e  o v e r a l l  p e r c e n t  removal  o f  TOC and t u r b i d i t y  was much h i g h e r .  
T h i s  was e s p e c i a l l y  t r u e  f o r  t u r b i d i t y .  Though a f a i r l y  s t r o n g  c o r r e ­
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l a t i o n  ( r  = 0 . 9 0 2 )  e x i s t s  be tween  TOC and t u r b i d i t y ,  t u r b i d i t y  seems 
t o  be removed more e f f i c i e n t l y  t h a n  TOC in  t h e s e  RBCs.
P r o t o z o a  and m e tazo a  have been i m p l i c a t e d  i n  t h e  removal  o f  
f r e e  b a c t e r i a ,  a c a u s e  o f  t u r b i d i t y  in  w a s t e w a t e r  t r e a t m e n t  sy s tem s  
(Curds  and Fey ,  1 9 6 9 ) ,  and i t  i s  l i k e l y  t h a t  t h e y  were  p e r f o r m i n g  a 
s i m i l a r  r o l e  i n  t h e s e  RBCs. In  c o n j u n c t i o n  w i t h  t h i s ,  a g e n e r a l  
i n c r e a s e  i n  t h e  a v e r a g e  number o f  p r o t o z o a  ( F i g u r e s  47 and 50)  was 
o b s e r v e d  as  TOLR, TOC, and t u r b i d i t y  d e c r e a s e d .  Many p r o t o z o a  were  
s e e n  f e e d i n g  on f r e e  b a c t e r i a  t h r o u g h o u t  t h e  e x p e r i m e n t .  I t  i s  l i k e l y  
t h a t  t h e  m a j o r i t y  o f  t h e  p r o t o z o a  p r e s e n t  were  n o t  a b l e  t o  i n g e s t  
b i o f i l m  b a c t e r i a .  With t h e  e x c e p t i o n  o f  C h i l o d o n e l l a  ( C u r d s ,  1 9 8 2 c ) ,  
t h e  p r o t o z o a  o b s e r v e d  in  t h e  RBCs d i d  n o t  have mouth s t r u c t u r e s  c a p a b l e  
o f  s u r f a c e  f e e d i n g .  T h i s  was a l s o  shown by B o r r o r  ( 1 9 6 8 )  who c a t e g o ­
r i z e d  c r a w l e r s  as b e i n g  some o f  t h e  few c i l i a t e  f e e d e r s  c a p a b l e  o f  
b ro w s in g  a l g a l  and d e t r i t a l  s u r f a c e s  in  t h e  m a r in e  e n v i ro n m e n t .  No 
c r a w l i n g  c i l i a t e s ,  such  as  A s p i d i s c a , E u p l o t e s , o r  C.yclidiurn- l i k e  
f e e d e r s ,  were  o b s e r v e d .  C o n c u r r e n t l y ,  no d e c r e a s e  i n  b i o f i l m  a c t i v i t y  
o r  o r g a n i c  removal  was o b s e r v e d  when p r o t o z o a n  p o p u l a t i o n s  d e v e l o p e d .
I f  s i g n i f i c a n t  p r e d a t i o n  on b i o f i l m  b a c t e r i a  had o c c u r r e d ,  such  a 
d e c r e a s e  i n  removal  s h o u ld  have been o b s e r v e d .
In  s p i t e  o f  t h e  g e n e r a l  t r e n d s  o b s e r v e d ,  o n l y  weak c o r r e l a ­
t i o n s  were  found be tween  t h e  number o f  p r o t o z o a n  and m e tazoan  s p e c i e s
2
p r e s e n t  i n  t h e  RBCs, and TOC and t u r b i d i t y  ( r  < 0 . 4 0 ) .  Even u s i n g
p o s s i b l e  i n d i c a t o r  s p e c i e s  s u g g e s t e d  by p r e v i o u s  r e s e a r c h e r s ,  c o r r e l a -
2
t i o n s  w i t h  TOC and t u r b i d i t y  rem a ined  low ( r  < 0 . 6 0 ) .  C o n s i d e r i n g  
t h e  l e n g t h  o f  t i m e  p o p u l a t i o n s  were  a l l o w e d  t o  d e v e l o p  a t  a g iv e n  
l o a d i n g  r a t e  ( l e s s  t h a n  2 m o n t h s ) ,  such  r e s u l t s  were  e x p e c t e d .  The
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numbers o f  s p e c i e s  o b s e r v e d  i n  t h e  c o n t r o l  u n i t  (TOLR = 6 . 0  g 
TOC/m *d) i n c r e a s e d  s l o w l y  d u r i n g  t h e  s i x  months  o f  t h e  e x p e r i m e n t .  
Communit ies  exposed  t o  lo w er  e x p e r i m e n t a l  TOLRs were  n e v e r  a b l e  t o  
c o m p le t e  t h e i r  s u c c e s s i o n  o v e r  such  s h o r t  t i m e  p e r i o d s .  The r e p r o d u c ­
t i v e  r a t e s  o f  t h e  more ad v a n c e d  c i l i a t e s  and m e ta z o a ,  u s u a l l y  a s s o c i ­
a t e d  w i t h  "good"  w a s t e w a t e r  t r e a t m e n t  p l a n t  o p e r a t i o n ,  a r e  in  e x c e s s  
o f  24 h even  u n d e r  o p t i m a l  c o n d i t i o n s  ( F e n c h e l , 1968b; F i n l a y ,  1977) .
As a r e s u l t  o f  t h e s e  low r e p r o d u c t i v e  r a t e s ,  s u c c e s s i o n  l e a d i n g  t o  t h e  
e s t a b l i s h m e n t  o f  a c l im a x  community may t a k e  a l o n g  t i m e  t o  be com­
p l e t e d .  In  g e n e r a l ,  how ever ,  t h e  p r o t o z o a n  and m e tazoan  community 
e s t a b l i s h e d  a t  a TOLR o f  2 . 0  g TOC/m *d was a s s o c i a t e d  w i t h  an a c c e p ­
t a b l e  e f f l u e n t  q u a l i t y  (BOD < 10 m g / l i t e r  and T . S . S .  ~ 19 m g / l i t e r ) .
S u c c e s s i o n  o f  P r o t o z o a  and M e ta z o a .^ S u c c e s s i o n  i s  d e f i n e d  as  
" t h e  r e p l a c e m e n t  o f  p o p u l a t i o n s  in  a h a b i t a t  t h r o u g h  a r e g u l a r  p r o g r e s ­
s i o n ,  t o  a s t a b l e  s t a t e "  ( R i c k l e f s ,  1973) .  I t  i s  o f t e n  i n d i c a t i v e  o f  
t h e  c a p a b i l i t y  o f  c e r t a i n  o rg a n i s m s  t o  w i t h s t a n d  e n v i r o n m e n t a l  c o n d i ­
t i o n s .  I r o n i c a l l y ,  a s p e c i e s ,  by s u r v i v i n g  i n  a c e r t a i n  h a b i t a t ,  
o f t e n  m o d i f i e s  t h e  e n v i ro n m e n t  so much by i t s  a c t i v i t i e s  t h a t  i t  
becomes o u t - c o m p e t e d  by a n o t h e r  s p e c i e s  b e t t e r  a d a p t e d  t o  t h e  new 
c o n d i t i o n s .  B ick  (1973 )  c l a s s i f i e d  c i l i a t e  s u c c e s s i o n  i n  p o l l u t e d  
s t r e a m  w a t e r  i n t o  two c a t e g o r i e s .  The f i r s t  c a t e g o r y  e x i s t s  when t h e  
numbers and t y p e s  o f  c i l i a t e s  a r e  h ig h  and oxygen c o n c e n t r a t i o n s  a r e  
low. Glaucom a, C y c l id iu m  and s e v e r a l  o t h e r  f r e e  swimming c i l i a t e s  a r e  
p r e d o m i n a n t .  As d e c o m p o s i t i o n  o f  o r g a n i c s  i s  comple ted . ,  t h e  second
1 -  See Appendix  V f o r  t a b l e  o f  g e n e r a l  c h a r a c t e r i s t i c s  o f  p r o t o z o a  and 
m e ta z o a  d i s c u s s e d  in  t h e  f o l l o w i n g  s e c t i o n s .
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c a t e g o r y  o f  c o n d i t i o n s  e v o l v e :  d i s s o l v e d  oxygen c o n c e n t r a t i o n s  
i n c r e a s e  and t h e  numbers and t y p e s  o f  c i l i a t e  s p e c i e s  d e c r e a s e .  
C o n c o m i t a n t l y ,  E u p l o t e s  p a t e l l a  and V o r t i c e l l a  a p p e a r .  In  w a s t e w a t e r  
t r e a t m e n t  p l a n t s ,  a s u c c e s s i o n  from f l a g e l l a t e s  -» f r ee - s w im m in g  
c i l i a t e s  -> c r a w l i n g  c i l i a t e s ,  s t a l k e d  c i l i a t e s  and r o t i f e r s  has  been 
commonly o b s e r v e d  (McKinney and Gram, 1956;  C u rd s ,  1973; K r e l l , 1980) .
Fenche l  ( 1969 )  fo u n d  a s i m i l a r  c i l i a t e  s u c c e s s i o n  i n  community 
s t r u c t u r e s  a s s o c i a t e d  w i t h  d e c a y i n g  an imal  c o r p s e s  in  t h e  m a r in e  
e n v i ro n m e n t .  He c h o s e  t o  c l a s s i f y  t h e  s u c c e s s i o n  i n  t e rm s  o f  food  
p r e f e r e n c e s .  B a c t e r i a  a p p e a r  f i r s t  and a r e  q u i c k l y  p r e y e d  upon by 
z o o f l a g e l l a t e s .  The l a t t e r  a r e  soon  r e p l a c e d  by b a c t e r i v o r o u s  c i l i ­
a t e s  and amoebae.  The t y p e  o f  b a c t e r i v o r e  p r e d o m i n a t i n g  i s  a f u n c t i o n  
o f  r e p r o d u c t i v e  p o t e n t i a l .  Those o rg a n i s m s  w i t h  t h e  h i g h e s t  r e p r o d u c ­
t i v e  r a t e s  ( i . e .  Uronema) a p p e a r  f i r s t  and a r e  g r a d u a l l y  r e p l a c e d  by 
o t h e r s  w i t h  lo w e r  r e p r o d u c t i v e  r a t e s .  F i n a l l y ,  Fenche l  o b s e r v e d  
c a r n i v o r e s  i n v a d e  t h e  a r e a .  These  c i l i a t e s ,  however ,  composed o n ly  10 
% o f  t h e  t o t a l  community b io m a s s .  The u l t i m a t e  f a t e  o f  t h e  s u c c e s s i o n  
i s  a p p a r e n t l y  c o n t r o l l e d  by t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  oxygen.
The s u c c e s s i o n s  o f  o r g a n i s m s  o b s e r v e d  i n  a l l  o f  t h e  RBC u n i t s  
examined in  t h i s  r e s e a r c h  f o l l o w e d  t h e  s u c c e s s i o n  p a t t e r n  d e s c r i b e d  by 
Fenche l  ( 1 9 6 9 ) .  B a c t e r i a  a p p e a r e d  on t h e  d i s k  s u r f a c e  w i t h i n  one day 
o f  s t a r t u p  a t  t h e  W.R.C. S u b s e q u e n t l y ,  f l a g e l l a t e s  and  sm a l l  amoebae 
were  o b s e r v e d  w i t h i n  a few d a y s .  C i l i a t e s  a p p e a r e d  w i t h i n  8 -10  days  
o f  o p e r a t i o n  ( F i g u r e s  4 5 ,  4 6 ,  48 and 4 9 ) .  C i l i a t e  and m e tazoan  s u c c e s ­
s i o n  t h e n  p ro c e e d e d  from f r e e - s w im m in g  b a c t e r i o v o r e s  t o  s t a l k e d  forms 
and f i n a l l y  t o  c a r n i v o r e s  and adv an c ed  m e tazoa .  In  t h e  e x p e r i m e n t a l
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u n i t ,  a s  t h e  TOLR was l o w e r e d ,  t h e  s u c c e s s i o n  was a c c e l e r a t e d  ( F i g u r e  
48 and 4 9 ) .
T o l e r a n c e s  o f  t h e  p o p u l a t i o n s  t o  d i f f e r e n t  p a r a m e t e r s  such  as 
f r e e  ammonia were  v e r y  d i f f i c u l t  t o  d e t e r m i n e  and a t t e m p t s  t o  q u a n t i f y  
t h e s e  p a r a m e t e r s  were  u l t i m a t e l y  abandoned .  The m a jo r  p ro b le m  was 
l a c k  o f  e s s e n t i a l  i n p u t s  s uch  as  d i s s o l v e d  oxygen c o n t e n t  in  t h e  f i l m ,  
minimum and maximum d a i l y  TOC and t u r b i d i t y  d a t a ,  e t c .  Such d e t e r m i ­
n a t i o n s  must  a w a i t  f u r t h e r  s t u d i e s  where  t h e  e n v i r o n m e n t a l  p a r a m e t e r s  
can  be m o n i t o r e d  more c l o s e l y .
Two q u e s t i o n s  have r e m a in ed  unansw ered  c o n c e r n i n g  t h e  p r o t o z o a  
and m e tazo a  o b s e r v e d  i n  RBCs and . in  o t h e r  w a s t e w a t e r  t r e a t m e n t  s t u d i e s .  
The f i r s t  i s  "What c o n t r o l s  t h e i r  p o p u l a t i o n s ? "  The s e c o n d  i s  a c o r o l ­
l a r y  t o  t h e  f i r s t  "What c o n t r o l s  t h e i r  s u c c e s s i o n ? " .
S e v e r a l  r e s e a r c h e r s  have s u g g e s t e d ,  as  p o s s i b l e  an s w e rs  t o  
t h e s e  q u e s t i o n s ,  t h a t  a b i o t i c  f a c t o r s  in  t h e  e n v i ro n m e n t  c o n t r o l  t h e  
p r o t o z o a n  p o p u l a t i o n  p r e s e n t  i n  a s y s tem .  Noland and G o j d i c s  ( 1961 )  
f e l t  t h a t  t h e  z o n a t i o n  o f  oxygen was t h e  mos t  i m p o r t a n t  f a c t o r .  B ick  
and h i s  a s s o c i a t e  ( 1 9 6 7 ,  1968,  1971) expanded  t h e s e  p a r a m e t e r s  t o  
i n c l u d e  NH^+ , f r e e  NHg, t e m p e r a t u r e ,  pH, f r e e  C02 , N02 , and H2S.
K r e l l  (1980 )  used  t h e s e  c r i t e r i a  i n  d i s c u s s i n g  t h e  s u c c e s s i o n  o f  
c i l i a t e s  i n  RBCs. Curds ( 1 9 7 1 ) ,  however ,  o b s e r v e d  t h a t  ch e m ic a l  p a r a ­
m e t e r s  were  u s u a l l y  n o t  a t  i n t o l e r a b l e  l e v e l s  i n  most  w a s t e w a t e r  
t r e a t m e n t  s y s t e m s  where c i l i a t e s  a p p e a r e d .  Though such  f a c t o r s  may 
c o n t r o l  t h e  p r e s e n c e  o r  a b s e n c e  o f  t h e  e n t i r e  c i l i a t e  communi ty ,  i t  i s  
d o u b t f u l  t h e y  c o n t r o l  o v e r a l l  c i l i a t e  s u c c e s s i o n  b e c a u s e  most  o f  t h o s e  
s p e c i e s  o b s e r v e d  in  w a s t e w a t e r  t r e a t m e n t  s y s t e m s  a r e  a b l e  t o  t o l e r a t e  
a  w ide  ra n g e  o f  c o n d i t i o n s .
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Curds (1971)  s u g g e s t e d  t h a t  c o m p e t i t i o n  f o r  s u b s t r a t e  c o n t r o l s  
s u c c e s s i o n .  The a v a i l a b i l i t y  and t y p e  o f  s u b s t r a t e  w i l l  a f f e c t  t h e  
p o p u l a t i o n s  p r e s e n t .  S e v e r a l  s t u d i e s  have i n d i c a t e d  t h a t  b a c t e r i -  
vo ro u s  p r o t o z o a  can  be f a i r l y  s e l e c t i v e  a b o u t  t h e i r  p r e y  ( F e n c h e l ,  
1968a;  Fenche l  and J o r g e n s e n ,  1977) and t h a t  c a r n i v o r o u s  c i l i a t e s  w i l l  
n o t  e a t  p r e y  t h a t  have e a t e n  c e r t a i n  t y p e s  o f  food  (B u rb an ck  and 
E i s e n ,  1960) .  Legner  (1973)  found  t h a t  t h e  p o p u l a t i o n s  o f  b a c t e r i v o r -  
ous c i l i a t e s  i n  a q u a t i c  e c o s y s t e m s  were  c o n t r o l l e d  by t h e  p o p u l a t i o n s  
o f  h e t e r o t r o p h i c  b a c t e r i a  p r e s e n t  and t h e i r  r e l a t i v e  c o n c e n t r a t i o n s .
As a r e s u l t ,  c o m p e t i t i o n  f o r  food  and p r e d a t o r - p r e y  r e l a t i o n s  c o u l d  
c o n t r o l  which  p o p u l a t i o n s  o f  p r o t o z o a  and m e tazo a  a p p e a r  i n  t h e  RBC 
sys tem .
The a b i l i t y  t o  s u r v i v e  i n  an e n v i ro n m e n t  must  a l s o  be a f u n c ­
t i o n  o f  an o r g a n i s m ' s  r e p r o d u c t i v e  r a t e .  S u f f i c i e n t  n u t r i e n t s  must  be 
a v a i l a b l e  t o  a c h i e v e  a r e p r o d u c t i v e  r a t e  which  a t  l e a s t  e q u a l s  t h e  
d i l u t i o n  r a t e  o f  t h e  s y s t e m  i n  o r d e r  t o  p r e v e n t  w as h o u t .  T h i s  f a c t o r  
has  been  i m p l i c a t e d  a s  a c o n t r o l  mechanism f o r  t h e  s u c c e s s i o n  o f  
p r o t o z o a  in  a c t i v a t e d  s l u d g e  s y s t e m s ,  e s p e c i a l l y  f o r  f r e e - s w im m in g  and 
c r a w l i n g  s p e c i e s  ( P i r t  and B a z i n ,  1972;  C u rd s ,  1973) .  Washout  i s ,  
however ,  l e s s  o f  a p ro b lem  i n  RBCs b e c a u s e  t h e  f i x e d  f i l m  has a long  
r e t e n t i o n  t i m e  in  t h e  r e a c t o r .
Two m in o r  c o n t r o l s  o f  p o p u l a t i o n s  i n  t r e a t m e n t  s y s t e m s  a r e  ( i )  
t h e  c o n c e n t r a t i o n  and t y p e  o f  s o l u b l e  o r g a n i c  m a t t e r  a v a i l a b l e  f o r  
d i r e c t  a s s i m i l a t i o n  (Brown, 1967) and ( i i )  t h e  s i z e  r e s t r i c t i o n s  which 
p r e v e n t  p e n e t r a t i o n  o f  l a r g e  c i l i a t e s  i n t o  sm a l l  s p a c e s  ( B o r r o r ,
1968) .  I t  i s  d o u b t f u l  t h a t  much d i r e c t  a s s i m i l a t i o n  o f  n u t r i e n t s  
s u p p o r t s  p r o t o z o a n  and m e tazoan  g row th  b e c a u s e  f r e e  b a c t e r i a  a r e  much
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more r e a d i l y  a v a i l a b l e .  A d d i t i o n a l l y ,  mos t  o f  t h e s e  o rg a n i s m s  i n h a b i t  
t h e  s u r f a c e s  o f  t h e  b i o f i l m  so t h a t  s i z e  i s  n o t  a r e s t r i c t i v e  f a c t o r .
The p r o c e s s e s  e f f e c t e d  by an i n d i v i d u a l  p r o t o z o a n  c e l l  can  be 
b r o a d l y  d i v i d e d  i n t o  two c a t e g o r i e s :  c e l l  m a i n t e n a n c e  and c e l l u l a r  and 
r e p r o d u c t i v e  g row th  ( S t o u t ,  1980) .  C e l l  m a i n t e n a n c e  c o n s i s t s  o f  
s u p p l y i n g  a l l  o f  t h e  e n e r g y  needed  t o  s u p p o r t  b a s i c  l i f e  p r o c e s s e s  
such  a s  f e e d i n g ,  m o t i l i t y ,  and r e s p i r a t i o n .  U n t i l  t h e s e  b a s i c  main ­
t e n a n c e  needs  a r e  s a t i s f i e d ,  no e n e rg y  i s  a v a i l a b l e  f o r  g row th  o r  
r e p r o d u c t i o n .  As a  r e s u l t ,  t h e  s u c c e s s  and p re d o m in a n c e  o f  an o r g a n ­
ism in  an e n v i ro n m e n t  i s  g o v e r n e d  by i t s  a b i l i t y  t o  s e q u e s t e r  e f f i ­
c i e n t l y  t h e  n u t r i e n t s  needed  t o  s a t i s f y  c e l l  m a i n t e n a n c e ,  g ro w th ,  and 
r e p r o d u c t i o n .
I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  f e e d i n g  which c o n t r o l s  t h e  e n e r g e t ­
i c s  o f  p r o t o z o a  and m e tazo a  may be t h e  m a jo r  f a c t o r  c o n t r o l l i n g  t h e  
community s t r u c t u r e  p r e s e n t  a t  any g iv e n  t im e  in  an RBC.
F eed ing  Mechanisms i n  P r o t o z o a  and M e ta z o a . The taxonomy o f  
t h e  p r o t o z o a  and m e tazoa  i s  o f t e n  b a s e d  on t h e i r  f e e d i n g  s t r u c t u r e s .  
Gymnostomes,  which  f e e d  on l a r g e  food  p a r t i c l e s  such  as  c i l i a t e s ,  
f l a g e l l a t e s ,  and c a r r i o n ,  have  n o n - d i s c r i m i n a t i n g  mouth s t r u c t u r e s  
which  l a c k  f i l t e r i n g  mechanisms .  T r i c h o s t o m e s  and hymenostomes a r e  
f i l t e r  f e e d e r s  and have r e l a t i v e l y  s im p l e  t o  complex  c i l i a r y  o r g a n e l l e s .  
Organisms  w i t h  t h e s e  mouth s t r u c t u r e s  have t h r e e  c i l i a r y  m e m b ran e l le s  
which  b e a t  a g a i n s t  an u n d u l a t i n g  m e m brane l le  ( F i g u r e  6 2 ) .  The d e g r e e  
t o  which t h e  u n d u l a t i n g  m e m b ran e l le  i s  d i f f e r e n t i a t e d  d i c t a t e s  t h e  
f e e d i n g  e f f i c i e n c y  o f  t h e  o r g a n i s m .  In  s e s s i l e  p e r i t r i c h s  t h e  t h r e e  
m e m b ran e l le s  have e v o l v e d  i n t o  c i r c u l a r  s t r u c t u r e s  w i t h  t h e  o u t e r m o s t
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ai, apical loop; e, cytostom e; ee, d rcu m o ra l ring; cp to d  co, positions o f  cytoproc t  and contractile 
▼acuola pores, m arking the  xrt, j th ,  and 6th m eridians; ie, interm erid ional connecrire ; Af,, A f„ and 
Sdf, is t, and, and 3rd m em branellae; n, n ~ t ,  n - i ,  and M-3, last four prim ary m eridians; pot, 
p rim ary  m erid ian; po, p  re-oral su tu re ; r, field of stom atogenic kinetosom es; tm , secondary 
m erid ian; m ,  undulating m em brana; / ,  a, and 3 , i s t  (atom atogenic), and , and 3rd m eridians.
F i g u r e  62.  C i l i a t e s  w i t h  U n d u l a t i n g  and C i l i a r y  M em brane l le s  
(MacKinnon and Hawes, 1961)
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one a c t i n g  a s  a f i l t e r  which  i s  c o n t i n u o u s  w i t h  a fu n n e l  shaped  v e s t i -  
bulum i n  which  p a r t i c l e s  a r e  s o r t e d .  They p o s s e s s  t h e  c a p a c i t y  t o  
f i l t e r  l a r g e  amounts o f  w a t e r  and a r e  o f t e n  found in  s t r o n g  w a t e r  
c u r r e n t s  ( F i g u r e  6 3 ) .  S p i r o t r i c h s  have a long  row o f  pow er fu l  mem- 
b r a n e l l e s  which  a l s o  c r e a t e  s t r o n g  w a t e r  c u r r e n t s .  There  a r e  two 
t y p e s  o f  s p i r o t r i c h s  and t h e y  a r e  o f t e n  d i f f e r e n t i a t e d  by t h e i r  mode 
o f  m o t i l i t y :  f r e e  swimming vs .  s u r f a c e  c r a w l i n g  ( F i g u r e s  6 4 ) .  S u c t o r i a  
have " t e n t a c l e s "  which  c a p t u r e  p r e y  coming in  c o n t a c t  w i t h  them.
These  s t a l k e d  c i l i a t e s  t h e n  d i g e s t  t h e i r  p r e y  and t r a n s p o r t  n u t r i e n t s  
down t h e  t e n t a c l e s  t o  t h e  z o o i d  ( F i g u r e  6 5 ) .
The method  by which  p r o t o z o a  d i s c r i m i n a t e  be tween  a c c e p t a b l e  
food  and m i s c e l l a n e o u s  m a t e r i a l  i s  unknown. S e v e r a l  mechanisms have 
been  p o s t u l a t e d .  They may i n g e s t  a l l  p a r t i c l e s  and n o t  d i g e s t  t h o s e  
which  a r e  u n s a t i s f a c t o r y .  They may a l s o  s o r t  t h e i r  p r e y  on t h e  b a s i s  
o f  morphology (Gude,  1979).  S e r a v i n  and O r l o v s k a  (1977)  d e m o n s t r a t e d  
t h a t  p r e y  may s e c r e t e  c e r t a i n  s u b s t a n c e s  f o r  which  p r o t o z o a  p o s s e s s  
c h e m o r e c e p t o r s .  A d d i t i o n a l l y  t h e  m o t ion  o f  t h e  p r e y  may be i n d i c a t i v e  
o f  i t s  d e s i r a b i l i t y  (K arpenko  e t  a l . ,  1977) .
R e g a r d l e s s  o f  t h e  method used  t o  d i f f e r e n t i a t e  be tw een  food  
p a r t i c l e s  ( i f  a n y ) ,  t h e  i n g e s t i o n  mechanism f o r  c i l i a t e s  seems t o  be 
s i m i l a r .  The c i l i a r y  m e m b ra n e l l e s  o r  c i r r i  i n d u c e  a v o r t e x  o f  w a t e r .  
Mucus may be s e c r e t e d  t o  en h an c e  f l o c c u l a t i o n  o f  t h e  p a r t i c l e s .  The 
v o r t e x  i s  u s u a l l y  d i r e c t e d  i n  one d i r e c t i o n  and food i s  f u n n e l e d  
to w a rd s  t h e  mouth ( F i g u r e  6 6 ) .  In  t h e  v e s t i b u l u m  o f  t h e  p e r i t r i c h s  o r  
t h e  mouth o p e n i n g  o f  o t h e r  p r o t o z o a ,  an u n d u l a t i n g  m e m b ra n e l l e  moves 
in  a w a v e - l i k e  m o t io n .  The mouth ,  o f t e n  l i n e d  w i t h  c i l i a ,  becomes 
f i l l e d  w i t h  p a r t i c l e s  u n t i l  a fo o d  v a c u o l e  i s  formed  (Sudgen and
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a, o u te r  peristom ial w reath ; b and c, the  inner w reaths; o ,-e ,, the sam e w ithin the peristom ial 
funnel; ce, contractile cord in the stalk ; cp, cytopharynx; cv, contractile vacuole; cy, cytostom e; 
f v , food vacuole: one is show n com pressed w ithin the cytopharynx; gr, granule (m itochondrium ?) 
o f  s u lk ;  h, helical thickening in stalk w all; I, iongicudinal m yonem e; A t, m eganucleus; m, m icronu- 
cleus; a, ppening into peristom ial funnel; ob, oblique m yonem cs: they  cross over the circular; p f, 
peristom ial funnel (io fundibu lum ); sc, scopula; sp, spasm onem e.
F i g u r e  63. P e r i t r i c h  Mouth S t r u c t u r e  (MacKinnon and  Hawes,  1961)
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C ra w l i n g  S p i r o t r i c h s
Free-Swimming S p i r o t r i c h s  
F i g u r e  64.  C ra w l in g  and  Free-Swimming S p i r o t r i c h s  ( C u r d s ,  1969)
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Figure 55. Suctorian Feeding (Kudo, 1966)
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F i g u r e  66.  P e r i t r i c h  G e n e r a t e d  Water  C u r r e n t s  Used f o r  F e e d in g  
(Sudgen and  L loyd ,  1950)
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Lloyd ,  1950) .  Food v a c u o l e  f o r m a t i o n  i n v o l v e s  f o u r  s t a g e s  and t a k e s  
o n ly  20 t o  60 se c o n d s  ( F i g u r e  6 7 ) .  The v a c u o l e  t h e n  f u s e s  w i t h  l y s o -  
somes c o n t a i n i n g  h y d r o l y t i c  enzymes.  D i g e s t i o n  u s u a l l y  t a k e s  two 
hours  ( N i l s s o n ,  1977) .  Empty fo o d  v a c u o l e s  may be formed when e x c e s s  
s u b s t r a t e  i s  a v a i l a b l e .  F enche l  and J o r g e n s e n  (1977 )  s p e c u l a t e  t h a t  
t h i s  may be a " d i e t i n g "  m e asu re  t o  p r e v e n t  o v e r f e e d i n g  o r  a r e j e c t i o n  
mechanism f o r  u n s u i t a b l e  b a c t e r i a .
Many s t u d i e s  have examined  t h e  t y p e s  o f  food  p r e f e r r e d  by 
v a r i o u s  p r o t o z o a  and m e tazoa .  Most f l a g e l l a t e s  e a t  sm al l  b a c t e r i a  by 
s im p l e  p h a g o c y t o s i s  b e c a u s e  t h e y  do n o t  p o s s e s s  s p e c i a l i z e d  mouth 
s t r u c t u r e s  (F e n c h e l  and J o r g e n s e n ,  1977) .  V a r io u s  t y p e s  o f  b a c t e r i -  
vo ro u s  c i l i a t e s  may be p r e y  s p e c i f i c .  Fenche l  and J o r g e n s e n  (1977 )  
were  a b l e  t o  c l a s s i f y  f o u r  g e n e r a l  t y p e s  o f  b a c t e r i a  a v a i l a b l e  t o  
c i l i a t e s .  Very t o x i c  s p e c i e s  k i l l e d  t h e  c i l i a t e s  w i t h i n  a few h o u r s  
o f  i n g e s t i o n .  S l i g h t l y  t o x i c  s t r a i n s  c a u s e d  a s lo w ,  b u t  e v e n t u a l  
d e a t h  o f  t h e  p r e d a t o r s .  U n f a v o r a b l e  b a c t e r i a  d i d  n o t  c a u s e  d e a t h ,  b u t  
low ered  t h e  p r e d a t o r ' s  g row th  r a t e  c o n s i d e r a b l y .  F a v o r a b l e  b a c t e r i a  
s u p p o r t e d  a h ig h  g row th  r a t e .
Noland (1925 )  f i r s t  i n v e s t i g a t e d  t h e  t y p e s  o f  food  i n g e s t e d  by 
c i l i a t e s  ( T a b l e  3 5 ) .  Of t h e  t y p e s  o b s e r v e d  i n  t h e  RBCs, T r a c h e l o p h y l l u m , 
V o r t i c e l l a , C o l p i d i u m , G laucom a, and C i n e t o c h i l u m  a r e  b a c t e r i o v o r e s  
and d e t r i t o v o r e s , w h i l e  L i t o n o t u s  and A m ph i lep tu s  a r e  c a r n i v o r e s .
More d e t a i l e d  s t u d i e s  o f  c i l i a t e  fo o d  p r e f e r e n c e s  were  c o n d u c t e d  
by Fenchel  ( 1 9 6 8 a ) .  P l a g i o p y l a  f e e d s  e x c l u s i v e l y  on s u l f u r  b a c t e r i a  
in  t h e  p r e s e n c e  o f  I ^ S .  Uronema a p p e a r s  t o  be a n o n - d i s c r i m i n a t i n g  
b a c t e r i o v o r e .  A m p h i lep tu s  and L i t o n o t u s  a r e  e x c l u s i v e l y  c a r n i v o r e s ,  














O ral region of Tetrahymena  during  food-vacuole for­
mation. D iagram s of an optical section th rough  the cytostome. 
Upper diagram: In  the buccal cavity are shown p art of the 
undulating  m em brane (U M ) and  the first m em branelle ( M l) .  
The cytostom al lip w ith “ specialized cytoplasm '' (do tted  area) is 
a protrusion of the left cavity wall and m arks the cytostome (C ). 
T he form ing food vacuole (F V ) is supported posteriorly by the 
oral ribs (O A ) and anteriorly  by the oral deep fiber (D F ) . Lower  
diagrams: D ifferent stages in form ation of a food vacuole (F V ). 
Only the undulating  m em brane (U M ) is shown in the buccal 
cavity (B C ). T he  “specialized cytoplasm " of the cytostom al re ­
gion is indicated by do tted  areas. A. Stage 1: g radual growth
of the lim iting m em brane of the open food vacuole (of short 
du ra tio n ). B. Stage 2:  “ filling u p ” of the fully expanded,
slightly oblong vacuole (of long d u ra tio n ). C. Stage 3: “ clos­
ing off” of the vacuole (of brief du ra tion ) is correlated w ith an ­
terior motion (pa th  1 ). D. Stage 4:  initial pa th  (2, 3) of de­
tached. now rounded vacuole leaving the cytostom al region. Only 
a small tube-like structure rem ains a t the cystostome.
Figure 67. Food Vacuole Formation ( N i l s s o n ,  1977)
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Table 35
Summary o f  Thermal and Chemical  C o n d i t i o n s  o f  Some 
Common F r e s h w a t e r  C i l i a t e s  ( N o la n d ,  1925)
1 l ie  t i r « f  c u i i m i n  >>i t h e  t ig i i re . s  l i ' t >  t h e  n u m b e r  >>i e * » ; l e c r i o u s  in  w h i c h  t h e  . s ju ' c iv s  w a s  f o u n d .  a n d  te l l . s  a l . - o  h o w  m a n y  d e t e r m i n a t i o n s  Hen-  a v e r ­
t e d  in  c o m p u t i n g  t h e  r e ^ u i t s  in  t h e  o t h e r  c w l u u m .s .  T h e  s e c o n d  c u i m n n  o f  f i g u r e s  s h o w s  t h e  n u m b e r  o f  d i f f e r e n t  s t a t i o n s  a t  w h i c h  t h e  s p e c i e ' ;  w a s  
r o u n d .  T h e  c o l u m n  h e a d e d  "  F m x l '* n a m e s  t h e  f o o d  o t  t h e  d i f f e r e n t  s p e c i e s  a c c o r d i n g  t o  t h e  f o l l o w i n g  l e g e n d :  A  =  a l g a e :  P * “  b a c t e r i a :  
n o n - l i v i n g  d e t r i t u s :  P =  p r o t o z o a ;  T r ‘ d i a t o m s ;  S  s c a v e n g e r .  S m a l l  l e t t e r s  i n d i c a t e  t h a t  t h e  i t e m  s o  m a r k e d  m a k e s  u p  ,i m i n o r  p a r t  o f  t h e  
t o o d  o f  t h e  s p e c i e '  L o w  l o w e s t  r e c o r d  f o u n d  f o r  t h e  . s |K-cies  ; I l i g h  “  h i g h e s t  r e c o r d  i n t m d ;  A v .  — a v e r a g e  o t  a l l  r e c o r d s  f o r  d i e  . s | k c k s .  I n  t h e  
' F r e e  C ar L > o u  D i o x i d e "  c o l u m n  a  m i n u s  > i g n  i n d i c a t e s  a b s e n c e  o f  f r e e  C O , ;  a n d  t h e  n e g a t i v e  f i g u r e  d e n o t e s  t h e  a m o u n t  o f  f r e e  O  >. t h a t  w o u l d  
b e  r e u n i t e d  t o  b r i n g  t h e  w a t e r  t o  t h e  n e u t r a l  p u i n t  o f  p h c n o l p h t h a l e i u .
."pecu-s X.mw i 2
T Tent|K.TCiurc
Uxygcn 






Fre<- Carlioii Uiiunk1 
in c.c. per 
Liter
I-'iai-iI Carbon 
Dioxide in c.c. 




I 1 Low 1 Hiciil Av. Low lliljli Av. Low lliuii AV. Low 11.Ch •w - Low ilitfli Av.
Sum m ary of all collections made 7S -3 O.o 32.0 10.2 O.o 13.0 5-2 0.0 214.U 65.7 - 15-4 3o. ?
.....
5-5 5-7 9»-3 60.8 6.0 9.8 7-5
Am phileptus clupnredei s c ................  . it 4 P 8.0 22.5 13.5 L4 10.7 5-o 16.Q 169.2 32.8 - 5-2 14-7 4-5 27.O 74.8 63.6 6-5 8.4 7.6
Aspiiiisca costata S t ................................. <) 5 BDA 5-7 28.5 1.3.1 1-5 9.9 5-6 IS.4 173-5 74-5 — 10.7 3.1 2.2 27-7 81.1 65-5 7.0 *>.8
Aspiuisea lyncctts F.hrbg......................... A 3 BDA 1.0 14-5 8.9 1.8 4.6 98.7 55-1 1-7 6.3 4-2 74-1 85-6 78.9 7-3 7.8 7-5Blepharisma lateritia S t........................... (> 4 ABD 1.8 21.3 IO.7 0.4 7.0 3-4 4-5 89.7 40.8 — 1.91 10.1 3-9 45-9 89-8 73-° 7-1 8-3 7.6
Cacnomorpha mednsula P e r ty ...............
t "nilodon cucultus E hrbg.....................
4 2 Bd 9.8 19.0 14.3 0.0 1-5 0.7 0.0 18.1 8-9 ( l.oj 40.2 22.4 68.6 73-8 75-» 0.7 7-3 7.1
13 7 T 0.0 22.5 7.6 2-3 3-3 5-7 31*5 132.5 67.6 — 0.9 10.0 4-2 37-b 80.2 61.4 7.0 3.2 7-5Ciulodon uncinatus Ehrbg............ 10 11 B 4.0 22.5 lO." 0.1 10.7 5-7 1.2 Ib9.2 60.8 — 5-2 14.2 53-9 9«-3 k j.J 7 A 3.7
Clulodoutopsis depressa P e rty . 7 5 Ah 4.0 14-5 8.4 1.5 4-5 18.4 98.7 34-1 1.7 6.6 3-9 58.2 84.3 74-3 7-2 7.8 7-5Cinetochilum margaritaceum  Perty  . . 30 14 BDa 1.0 21-3 8.7 0.0 10.0 5-6 0.0 124.9 66.9 — 5-1 30.? 3-4 33-9 95-0 63-9 6.6 8.7 7-b
Coleps hirtus Ehrbg ................................... tS 9 SPa 6.2 28.5 14-3 2.5 12.4 5-7 31-7 214.0 a 1.1 13-4 IO.7 1-5 27-7 78.3 55-7 7.0 9.8 7-9Colpidittm colpodu S t ................................ 2 2 B 10.8 i 3-« 11.9 4.6 b.O 5*3 60.8 76.6 08.7 3-0 8.1 6.0 71-2 73-7 72.5 7.2 7-3 7-3Cotiturnia crystalliua E h rbg ................... 2 I BDA 5-7 14-5 IO.4 <’>•3 7-2 6.7 70.4 98.7 84.6 1.1 1.7 1.4 65.8 79-9 72.9 7-5 7.8
Cyclidium glaucoma Ehrbg ..................... 10 7 B 1.3 19.0 9-4 0.0 7.0 4.2 0.0 76.6 50.6 1.8 40.2 10.1 37-6 89.8 67.4 6.7 7.7 7-2Cyclidium glaucoma E hrbg ..................... IS Q Ba 1.0 22.5 9-1 0.0 10.7 5-2 0.0 169.2 66.0 — 5-2 80..- 4-2 27.0 95-0 65-5 6-5 3.6 7-5D iieptus gigas W rzesn.............................. 4 4 P 0.0 21.3 9-8 2.0 6.4 3-3 20.5 60.8 37-0 2-5 I4.S 7-2 77-4 88.0 80.6 7-3 7.8 7-4Dvsteropsis m iuuta  R oux...................... a 6 Bn t.O I I .2 6.4 3.6 8.6 5-9 42.3 86.6 67.0 — 3-1 5-7 1.8 47-3 65.8 55-5 8.4
Euplotes patella E hrbg ............................. 5 3 ABd 6.0 21.0 12.8 1.3 5-0 3-7 22.7 64.3 48.1 3-o 8.1 4.4 62.9 84-3 74.0 7-3 7-6 7-4
Frontonia acuminata  Cl. & L................. 10 9 A 5 *o 21.3 11.1 2-3 (0.0 5-1 28.4 124.9 65.1 — 2.6 7-9 3-5 33-9 78.0 61.7 8.7 7-7
Frontonia leueas Cl. & L......................... 9 6 TA 4.0 32.0 14.4 1,4 J 0.7 5*4 16.9 169.2 75-8 — 8-3 14-7 3-1 27.0 78.3 63.2 6-5 8.8 7.6
Glaucoma scinttllans E hrbg .................... 3 2 B 9-3 10.8 9.8 o .t 6.0 2.2 1.2 76.6 27.4 8.1 15-0 II .I 73-7 98.3 87.2 7.1 7-2
Halteria grandinella t^O.F.M .)............... 12 8 Ba 2.5 32.0 I6 .I 1-4 13.6 5-6 I6.9 173-6 79-7 — 10.7 14.7 3-7 17.S 77-4 48.4 6-5 9.8 7.8
Histrio sim ilis  tQ uenn .).......................... 6 5 TA b 8.5 22.5 14.8 1-5 8-3 4-4 18.1 132.4 62.8 — 2.6 11.0 4.2 33-9 77-6 59-5 7.0 8.7 ‘7-7
Holophrva discolor E hrbg ...................... 3 Ap 6-5 22.5 12.3 1.4 10.7 5-6 55-o 169.2 80.4 — 5-2 14-7 5-1 27.0 78.3 58.0 b-5 8.4 7-4Holosticha sp ................................................ 7 5 Ab 0.0 12.4 7.0 1.8 8.6 5-4 22 .7 86.6 60.4 — 3-1 5-5 1.4 47-3 84-3 64.5 7-4 8.4Lacrymaria olor Ehrbg............................. 2 2 P 4-2 b.o 5-1 5-0 6.9 6.0 57-1 74-9 66.0 3.8 5-6 4-7 21.7 77-3 49-5 7-2 7-5 7-4
Lembadion bnllinunt P c r tv ..................... 5 3 BDa 7-5 15.5 11.4 2.6 6.0 4.2 3 C7 70.6 53-b 0.8 10.7 4-8 53-7 84-3 6 74 7.0 7-7 7-5Lcmbus elongattis tCl. vi L .) .................. 2 2 Bd 9-3 10.5 9-9 1.6 6.8 4.2 19.0 85-5 54-3 — 3.1 7-i 2.0 47-3 72-3 59-8 7-1 8.4 7.8
Lembus pusillus  (Juenn............................ 5 4 Bds 1.0 S-5 3-6 4-4 8.6 6.4 52.6 36,6 67.5 — 1.8 6.6 1.6 51.8 78.1 59-6 7-4 7-9LionoUts anser lO .F .M .t......................... 12 6 P 0.0 22.5 7-5 2.0 S.6 6.3 3«-3 152.4 73-5 — 3-8 8-3 2.8 37-4 S3.6 64.0 7.4 8.4 7.7
Lionotus iasciola tO .F .M .i................... 3 7 P 0.0 10.8 3-9 0.4 8.6 5.8 4*5 86.6 61.5 — 1.8 10.1 4-7 52-3 89.8 72.3 7-1 7-9 7-5Loxocephalus granulosus K e n t .............. M S Bd 0.0 7.0 10.8 o.e 7.0 3*4 0.0 114.O 44-5 0.0 80.? u . I 16.7 95-0 56.0 6.0 8.4 7-1Loxodes rostrum  'O .K .M .i...................... 4 3 Bda 9-5 21.0 15.I 1.0 4.6 3.1 14.0 64.3 42.7 3-5 40.3 14-7 16.7 71.2 53-4 6.0 7-4 6.9
Loxophyllum  lamella Cl. Ot L.................. 4 3 P 1.2 22.5 14.1 2-5| 10.7 7*2 33.3 169.2 95-9 — 5-2 5-4 “ 0.9 45-6 77-4 6r.o 7-8 8.4 8.1
Loxophyllunt meiengris D u j.................... 2 2 P 5-0 8.0 6.8 4-41 6.8 5-b 52.6 75-4 04.0 1.1 r -5 1.2 51-8 61.5 56.7 7.6 7-7Mesodiniuni pulex Cl. Ov I.................... 7 6 Bp 1.0 17.0 7-9 o.ol 8.0 3-3 0.0 81.2 3«.l 0.8 40.3 12.2 16.7 95-0 54-8 6.0 7-8 7-2
SIctopus sigmoides Cl. & I ...................... 5l 4 B 9.0 17.0 12.2 0.4 2.6 1.2 5-3 31-7 15-2 10.2 40.3 19.o| 16.7 78.2 02.9 6.0 6.9
Microthorax pusillus Engim ................. 4i 31 Bda 3.5 17.0 11.9 t.O 2.9 2-3 14.0 35-6 29.1 3-o 40.3 15-2 16.7 34-3 48.1 6.0 7.6 6.9Microthorax suka tus  Englm ................... 2 l[ Bda 1.0 3.0 4o i 0-0 1.4 0.7 0.0 16.9 8-5 0.0 8o.r 40.? 27.0 95.0 61.0 6-5 6.6 6.6
Ophrydium versatile E h rbg ................... 2 ABd S.7 10.5 9.6 6.8 9-7 8.2 65-5 H 7-3 l o t .4 — 3.1 1.4 — 0.8I 11.9 47-3 29.6 8.0 3.4 8.2Oxytricha ferruginec S t ............................ 51 51 Ah 4-5 28.5 15.6 4-1 9.9 6.9 52.6 173-6 99-4 — 10.7 7-3 — 2.2 2 7-7 76.5 55-1 7-5 9-8 8.2
Oxxtricha peliionella E h rbg .................. 17 n Ab 0.0 22.5 7.3 4.1 10.7 6.8 52.6 169.2 80.7 — 3-1 7-3 2-5 21.7 80.2 60.3 8.4 7-7Paramecium bursarta F o ck e .................. 4 4 ABd 6.2 15-5 9-5 4.81 9-7 7*3 07.1 I I 7.3 88.9 0.8 8.3 3-4 11.9 74-8 44-3 7-4 8.c 7-7Paramecium caudatnm  E hrbg ................ 10 '3 Bda 1.8 32.0 H -3 0.4 8.1 7.0 45-0 150-0 64.4 — 8-3 10.1 4.0 42-3 89.8 71.1 7-1 8.8 7.6
Pleuronema chrysalis i Ehrbg. > . . . . 5 51 BAd 8.7 14-5 11.9 2.4 8.2 6-3 28.4 106.3 82.3 — 5-1 6.3 — 0.6 37-4 79-9 57-9 7-3 8.6 8.1Spirostomum ambiguum  E hrbg ............. 2 2 BDa 8-5 32.0 20.3 2.9 3.1 5.5 35-2 150.0 92.6 — 8-3 6.9 — 0.7 37-6 42.3 40.0 7.0 8.8 7-9Spirostomum teres Cl. & L . .................. 5 2 BDa 13-0 21.0 16.0 4-1 4.6 4.3 55-h 64.3 60.1 3-8 8.1 6.4 
1.1
62.9 76.5 70.2 7-3 7-5 7-4Stentor igneus Ehrbg................................. 5 2 A PB 1.0 5 -o 3*5 6.8 8.0 7-5 75-4 82.8 79-4 0.4 1-5 60.2 61.5 60.9 7-7 7-8 7-8
Stenior roeseli Ehrbg................................. 12 9 ABP 1.0 =2-5 8.6 2.4 8-3 5-4 28.4 132*4 64.9 — 0.9 10.7 3-7 37-6 84-3 67-3 7.0 3.2 7-5Stichotricha secunda P e r tv ................... 0 4 Ab 4-5 28.5 15.2 4.3 10.7 8.0 67.1 173-6 113.6 — 10.7 1-5 - 2 . 3  
1.1
27.7 74-8 58-7 7.6 9-8 8-3
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Ftylonychia pnstubita E hrbg ................ 9 5 Bap
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Trachelophyllum ptisillum  Cl. & 1... . 51 4 Br| 4-Si 14-u O.H 2.6 7.6 4*3 31-7 32.9 51-7 0.4 10.7 4-5 51-8 84-3 65.5 7.0 7.8 7-5Trochilia paiustris S t . . .................. 12 * Alxi o.o| 15.5 6.1 *•5 7.2 5-7 18.4 98.7 66.2 — 5-1 6.6 48-7 33.6 69.8 7-3 6.6I ’rocentrum turbo iO .F .M .} ............. 4 4 Bd 6.0 2*0 16.4 1.0 9-9 5-o 14.0 173-6 75-1 — 10.7 40.3 10.2 16.7 77-3 49.6 6.0 9.8 7-7I'roleptus piseis Ehrbg............................. 81 6 Ab 1.2 22.5 13.0 0.6 10.7 5-8 6.7 160.2 59-0 — 5-2 10.2 4.0 33-9 78.2 62.6 7-2 3.7
Crotncha fareta  Cl. & L.......................... 4 3 ABd 8.0| 9*5 8.7 1.4 2-9 2.3 16.9 35-2 28.1 6.3 U .7 9.6 27.0 78.O 49.1 6.5 7-3
8.4
7-°
YorticelUs campanula E hrbg ................. 12 S( Bda o.oj 15.5 5-7 4.4 8.61 6.3 52.6 36.6 69.4 — 3-i! 6.6 1-3 47 3 83.6 65.1 7-3 7.6Yorticclhi nebulifera E hrbg ..................... 51 5 BAd 5-o] 12.4 9*3 0.4 6.8 3.7 4-5 81.2 45-o o.8j 10.1 4-3 6 l.s 8*1.3 7.1 7-5
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t h e s e  two c a r n i v o r e s  was t h a t  t h e y  d i g e s t e d  l a r g e  c i l i a t e s  w i t h i n  
m i n u t e s .  He o b s e r v e d  t h a t  one L i t o n o t u s  a t e  f o u r  Uronema i n  45 
m i n u t e s .  In  each  e p i s o d e  no t r a c e  o f  t h e  p r e y  was v i s i b l e  w i t h i n  a 
few m i n u te s  a f t e r  i n g e s t i o n . '  Spa th id iu rn  e a t s  f l a g e l l a t e s  and e u g l e -  
n o i d s .  Curds (1973 )  r e p o r t e d  t h a t  T r a c h e l o p h y l 1 urn, L i t o n o t u s , and 
A m p h i lep tu s  i n h a b i t i n g  a c t i v a t e d  s l u d g e  s y s t e m s  consume V o r t i c e l l a , 
C a r c h e s i u m , and O p e r c u l a r i a .
P r e d a t o r - P r e y  R e l a t i o n s . Only a l i m i t e d  amount o f  r e s e a r c h  
has  c e n t e r e d  on t h e  p r e d a t o r - p r e y  r e l a t i o n s  i n v o l v i n g  c i l i a t e s .  Most 
o f  t h e s e  s t u d i e s  have used  b a c t e r i o v o r o u s  c i l i a t e s  in  c o n t i n u o u s  
c u l t u r e  s y s t e m s .  The two m a jo r  f a c t o r s  w h ich  a f f e c t  t h e  s u c c e s s  o f  
p r o t o z o a  in  a g iv e n  e n v i ro n m e n t  a r e  t h e  d i l u t i o n  r a t e  and t h e  s u b ­
s t r a t e  c o n c e n t r a t i o n  ( T s u c h i y a  e t  a l . ,  1 972a ) .  The c o n c e n t r a t i o n  o f  
s u b s t r a t e  c o n t r o l s  t h e  c o n c e n t r a t i o n  o f  b a c t e r i a ,  which in  t u r n  c o n ­
t r o l s  t h e  p o p u l a t i o n  s i z e  o f  t h e  p r e d a t o r y  c i l i a t e s  (D rake  and 
T s u c h i y a ,  1976) .  At a g i v e n  p r e y  c o n c e n t r a t i o n  a p r e d a t o r  i s  a b l e  t o  
a c h i e v e  a s p e c i f i c  g row th  and r e p r o d u c t i v e  r a t e .  I f  t h a t  r a t e  i s  l e s s  
t h a n  t h e  d i l u t i o n  r a t e  o f  t h e  t r e a t m e n t  s y s t e m ,  t h e  p r e d a t o r  w i l l  be 
washed o u t .  I f  t h e  p r e d a t o r ' s  g row th  and r e p r o d u c t i v e  r a t e  i s  g r e a t e r  
t h a n  t h e  d i l u t i o n  r a t e  o f  t h e  sy s t e m  i t  w i l l  s u r v i v e .  The p r e d a t o r ' s  
s u c c e s s  in  t h e  s y s tem  w i l l  be g o v e rn e d  by ( i )  t h e  c o n c e n t r a t i o n  o f  i t s  
p r e y  and ( i i )  i t s  e f f i c i e n c y  a t  o b t a i n i n g  p r e y .  The p r e d a t o r ,  however ,  
can n e v e r  c o m p l e t e l y  e l i m i n a t e  i t s  p r e y  b e c a u s e  e v e n t u a l l y  t h e  p r e y  
c o n c e n t r a t i o n  becomes so low t h a t  t h e  p r e d a t o r  i s  no l o n g e r  v e ry  
e f f i c i e n t  a t  c a p t u r i n g  t h e  p r e y  ( L u c k e n b i l l ;  1973 ,  1974).  I f  a c o n ­
s t a n t  s u p p l y  o f  p r e y  i s  added  t o  t h e  sy s t e m  and t h e  d i l u t i o n  r a t e  i s
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low enough so t h a t  t h e  p r e d a t o r  i s  n o t  washed  o u t ,  t h e n  t h e  number o f
i n d i v i d u a l s  in  t h e  p r e d a t o r  p o p u l a t i o n  w i l l  i n c r e a s e .  However,  b e c a u s e
t h e  s u p p l y  o f  p r e y  i s  c o n s t a n t ,  t h e  g row th  r a t e  and c e l l  volume o f
each  i n d i v i d u a l  in  t h e  p r e d a t o r  p o p u l a t i o n  w i l l  d e c r e a s e  (D rake  and
T s u c h i y a ,  1977) .
The c o n c e n t r a t i o n s  o f  b a c t e r i a  needed  t o  s u p p o r t  a p o p u l a t i o n
o f  b a c t e r i v o r o u s  c i l i a t e s  v a r i e s  w i t h  s p e c i e s .  B ick  (1968)  d e t e r m i n e d
t h e  numbers o f  b a c t e r i a  p r e s e n t  i n  p o l l u t e d  w a t e r s  c o n t a i n i n g  c i l i a t e
p o p u l a t i o n s  ( T a b l e  3 6 ) .  However,  a s  w i t h  a l l  o f  h i s  t o l e r a n c e  i n d i c e s ,
t h e  r a n g e s  o f  c o n c e n t r a t i o n s  a r e  v e r y  b ro a d .  Hausman (19 2 3 )  d e t e r m i n e d
t h e  f e e d i n g  r a t e  o f  O p e r c u l a r i a  sp .  t o  be a p p r o x i m a t e l y  7200 b a c t e r i a
p e r  h. As t o t a l  c i l i a t e  b iom ass  i n c r e a s e s ,  however ,  t h i s  f e e d i n g  r a t e
d e c r e a s e s  b e c a u s e  f ew er  b a c t e r i a  a r e  a v a i l a b l e  t o  eac h  i n d i v i d u a l  o f
t h e  c i l i a t e  p o p u l a t i o n  (C urds  e t  a l . ,  1968) .  Col p i  diurn, Uronema, and
Te t rahym ena  a l l  a t t a i n  h a l f  o f  t h e i r  maximum grow th  r a t e  a t  c o n c e n t r a -
fi 7t i o n s  o f  10 -  10 b a c t e r i a  p e r  ml (D rake  and T s u c h i y a ,  1976) .  F re e
swimming c i l i a t e s  o b t a i n  a maximum f e e d i n g  e f f i c i e n c y  o f  500-600
b a c t e r i a  p e r  h d u r i n g  e x p o n e n t i a l  g row th .  When s t a b l e  com m un i t ie s  a r e
e s t a b l i s h e d  t h e y  consume 100-200  b a c t e r i a  p e r  h (F e n c h e l  and J o r g e n s e n ,
1977) .  F i l t e r  f e e d e r s ,  such  as  p e r i t r i c h s ,  consume s e v e r a l  t h o u s a n d
6b a c t e r i a  p e r  h when p r e y  d e n s i t i e s  a r e  5 x 10 p e r  ml. They a c c o m p l i s h
-2
t h i s  by pumping 3 x 10 pi  o f  w a t e r  p e r  h (F en ch e l  and J o r g e n s e n ,
Q  C
1977) .  B a c t e r i a l  d e n s i t i e s  can  be r e d u c e d  from 10 t o  10 p e r  ml i f  
O p e r c u l a r i a  c o a r c t a t a , H i s t r i c u i u s  v o ra x  and Pseudoglaucom a sp .  a r e  
m a i n t a i n e d  a t  c o n c e n t r a t i o n s  o f  1 0 0 0 -3 0 ,0 0 0 ,  10 0 -8 0 0 0 ,  and 3 0 ,0 0 0  p e r  
ml,  r e s p e c t i v e l y .  F e e d in g  e f f i c i e n c i e s  a r e  a t  t h e i r  h i g h e s t  when c i l i ­
a t e s  a r e  a s s o c i a t e d  w i t h  s e t t l e d  b a c t e r i a  o r  s u r f a c e s  ( T a y l o r ,  1967) .
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Table 36
B a c t e r i a l  Food C o n c e n t r a t i o n  P r e f e r e n c e s  
f o r  C e r t a i n  C i l i a t e s  ( B i c k ,  1968)
C i 1 i a t e
A s p i d i s c a  c o s t a t a  
C h i l o d o n e l l a  c u c u l l u l u s  
C h i l o d o n e l l a  u n c i n a t a  
C in e to c h i lu m  m a rg a r i t a c e u m  
Coleps  h i r t u s  
Col pidiurn campy!um 
Colp id ium  c o lp o d a  
Colpoda s t e i n i  
Colpoda c u c u l l u s  
C yc l id ium  c i t r u l l  us 
C y r t o l o p h o s i s  mucico la .  
E u p l o t e s  a f f i n i s  
E u p l o t e s  p a t e l l a  
G a s t r o s t y l a  s t e i n i i  
Glaucoma s c i n t i l l a n s  
H a l t e r i a  q r a n d i n e l l a  
L i t o n o t u s  l a m e l l a  
Loxocepha lu s  p l a g i u s  
M i c r o t h o r a x  p u s i l l u s  
O p i s t h o t r i c h i a  s i m i l i s  
Paramecium b u r s a r i a  
Paramecium caudatum 
Paramecium t r i e  hium 
Spiros tomum ambiguum 
Spiros tomum t e r e s  
S t y ! o n y c h i a  m y t i l u s  
S t y l o n y c h i a  p u t r i n a  
Urocentrum t u r b o  
Uronema marinum 
U r o t r i c h i a  f a r c t a
B a c t e r i a / m l
2 0 0 - 3 , 5 0 0 , 0 0 0
1 4 0 . 0 0 0 - 1 0 , 0 0 0 , 0 0 0  
3 0 0 - 1 7 , 0 0 0 , 0 0 0  
3 0 0 - 9 , 0 0 0 , 0 0 0  
3 0 0 - 2 0 , 0 0 0 , 0 0 0
9 . 0 0 0 - 4 , 0 0 0 , 0 0 0
3 0 . 0 0 0 - 1 7 , 0 0 0 , 0 0 0
4 7 0 . 0 0 0 - 2 0 , 0 0 0 , 0 0 0  
1 , 2 0 0 , 0 0 0 - 4 , 5 0 0 , 0 0 0
3 0 0 - 2 0 , 0 0 0 , 0 0 0
1 0 0 - 2 , 5 0 0 , 0 0 0
5 . 0 0 0 - 1 2 , 0 0 0 , 0 0 0
8 . 0 0 0 - 1 6 , 0 0 0 , 0 0 0
6 0 . 0 0 0 - 8 , 0 0 0 , 0 0 0  
2 . 5 - 1 4 8  X 106 
3 0 0 - 1 7 ,0 0 0 , 0 0 0  
4 0 0 - 1 1 , 0 0 0 , 0 0 0
1-165 X 106 
3 0 0 - 2 , 5 0 0 , 0 0 0
2 . 0 0 0 - 4 , 0 0 0 , 0 0 0  
3 -140  X 106
6 0 0 - 3 2 ,0 0 0 , 0 0 0  
1-165  X 106
2 .000- 100,000 
2 5 , 0 0 0 - 1 6 , 0 0 0 , 0 0 0
6 . 0 0 0 - 5 , 0 0 0 , 0 0 0
1 . 000- 20 , 000,000
2 . 0 0 0 - 5 0 0 , 0 0 0
2 . 0 0 0 - 1 6 , 0 0 0 , 0 0 0  
1-170 X 106
Method o f  Enumeration
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
( n o t  s p e c i f i e d )  
P l a t e  Count 
( n o t  s p e c i f i e d )  
D i r e c t  Count 
P l a t e  Count 
P l a t e  Count 
D i r e c t  Count 
P l a t e  Count 
P l a t e  Count 
D i r e c t  Count 
P l a t e  Count 
D i r e c t  Count 
P l a t e  Count 
P l a t e  Count 
( n o t  s p e c i f i e d )  
P l a t e  Count 
P l a t e  Count 
P l a t e  Count 
D i r e c t  Count
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Growth and R e p r o d u c t i v e  R a t e s . S t o u t  (1980)  o b s e r v e d  t h a t  
once  t h e  e n e r g y  r e q u i r e m e n t s  f o r  c e l l  m a in t e n a n c e  have been s a t i s f i e d ,  
t h e  p r o t o z o a  w i l l  grow and r e p r o d u c e .  Fenche l  and J o r g e n s e n  (1977)  
have  o b s e r v e d  t h a t  a s  f a v o r a b l e  b a c t e r i a l  c o n c e n t r a t i o n s  i n c r e a s e ,  
p r o t o z o a n  grow th  and r e p r o d u c t i v e  r a t e s  i n c r e a s e .  At some c o n c e n t r a ­
t i o n ,  r e p r o d u c t i v e  r a t e  w i l l  become i n d e p e n d e n t  o f  food  s u p p l y ,  as  
some o t h e r  f a c t o r  b e g i n s  t o  l i m i t  g row th .  Lag t i m e s  be tween  i n c r e a s e s  
in  b a c t e r i a l  c o n c e n t r a t i o n  and i n c r e a s e s  i n  p r o t o z o a n  g row th  and 
r e p r o d u c t i v e  r a t e s  may be from 6 h o u rs  t o  4 days  ( C u r d s ,  1973; E n z i n g e r  
and Cooper ,  1976) .  D i u r n a l  p u l s e s  i n  food  s u p p l y  may i n d u c e  o s c i l l a ­
t i o n s  i n  p r o t o z o a n  numbers ( C u r d s ,  1973) .  I n  a c t i v a t e d  s l u d g e  s y s t e m s  
Curds (1971 )  d e t e r m i n e d  t h a t  t h e  g row th  r a t e  o f  t h e  f l o e  b a c t e r i a  i s  a 
f u n c t i o n  o f  t h e  s u b s t r a t e  c o n c e n t r a t i o n ,  w h e reas  t h e  g row th  o f  t h e  
d i s p e r s e d  b a c t e r i a  i s  a f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  t h e i r  p r e d a ­
t o r s ,  t h e  m ic rophagous  c i l i a t e s .  He c a l c u l a t e d  t h a t  t h e  g row th  r a t e  
o f  t h e  c a r n i v o r o u s  c i l i a t e s  c o n t r o l s  t h e  s i z e  o f  t h e  b a c t e r i o v o r o u s  
c i l i a t e  p o p u l a t i o n .  S a t u r a t i o n  c o n c e n t r a t i o n s  o f  f r e e  b a c t e r i a  f o r  
f r e e  swimming c i l i a t e s  and p e r i t r i c h s  a r e  4 . 8  and 0 .3 5  mg C / l i t e r ,  
r e s p e c t i v e l y .
P r o t o z o a ,  and i n  p a r t i c u l a r  c i l i a t e s ,  e x h i b i t  a r e l a t i v e l y  
h ig h  y i e l d  by r e t a i n i n g  from 37 % t o  54 % o f  t h e  b a c t e r i a l  c a rb o n  
i n g e s t e d  i n  t h e i r  c y t o p l a s m  ( H e a l ,  1967a;  Curds and Cockburn ,  1968,  
1971;  Drake and T s u c h i y a ,  1977) .  Heal (1967b)  has  o f f e r e d  two 
e x p l a n a t i o n s  f o r  t h i s  phenomenon: t h e  h ig h  g row th  r a t e s  o f  t h e  p r o ­
t o z o a  and t h e i r  r e l a t i v e l y  s h o r t  a d u l t  l i f e  c y c l e .  Most p r o t o z o a  have 
t h e  c a p a c i t y  t o  r e p r o d u c e  s e x u a l l y  and a s e x u a l l y  ( G r e l l ,  1973) .  The 
l a t t e r  i s  t h e  common p r a c t i c e  and t h e  d i v i s i o n  p r o c e s s  i s  b e l i e v e d  t o
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be g o v e rn ed  by t h e  s i z e  o f  t h e  a d u l t  ( G r e l l ,  1973) .  An i n d i v i d u a l  
w i l l  i n c r e a s e  i n  volume u n t i l  a t  some c r i t i c a l  s i z e  i t  u n d e rg o e s  
b i n a r y  f i s s i o n .  For  c i l i a t e s ,  an i n c r e a s e  in  food  s u p p l y  i s  f i r s t  
m a n i f e s t e d  as  an i n c r e a s e  i n  body volumes and an i n c r e a s e  i n  t h e  
number o f  food  v a c u o l e s  ( H a r d i n g ,  1937a and 1937b) .  C o n v e r s e l y ,  as  
food  s u p p ly  d e c r e a s e s  and t h e  p r o t o z o a  i s  s t a r v e d ,  c e l l  volume w i l l  
d e c r e a s e ,  shape  w i l l  o f t e n  c h a n g e ,  and t h e  numbers o f  fo o d  v a c u o l e s  
w i l l  d e c l i n e  d r a m a t i c a l l y  ( F i g u r e  6 8 ) .  Such ch a n g e s  o f t e n  o c c u r  
w i t h i n  6 h o f  t h e  o n s e t  o f  s t a r v a t i o n .
Once c e l l  volumes have i n c r e a s e d  t o  a maximum, r e p r o d u c t i v e  
r a t e s  b e g i n  t o  e s c a l a t e .  Optimum c i l i a t e  g e n e r a t i o n  t i m e s  r a n g e  from 
2 . 5  t o  more t h a n  2 6 . 0  h f o r  t h e  s p e c i e s  exam ined  t o  d a t e  ( F e n c h e l ,  
1968b; F i n l a y ,  1977) .  G e n e r a t i o n  t i m e  v a r i e s  w i t h  body s i z e  ( F e n c h e l ,  
1968b) .  The s h o r t e s t  g e n e r a t i o n  t i m e s  a r e  f o r  t h e  s m a l l e s t  c i l i a t e s .  
For  f r e s h w a t e r  c i l i a t e s  maximum growth  r a t e s  o c c u r  i n  t h e  r a n g e  o f  
25 -32°  C ( P h e l p s ,  1946; P r e s c o t t ,  1957) .  As t e m p e r a t u r e  and food  
s u p p l y  d e c r e a s e ,  g e n e r a t i o n  t i m e s  i n c r e a s e .  G e n e r a t i o n  t i m e s  a r e  
t h e r e f o r e  much lo w er  in  f i e l d  c o n d i t i o n s  t h a n  i n  l a b o r a t o r y  c u l t u r e s  
( F e n c h e l ,  1969).
Computer  s i m u l a t i o n s  a t t e m p t i n g  t o  e l u c i d a t e  p r o t o z o a n  grow th  
and r e p r o d u c t i v e  r a t e s  i n  w a s t e w a t e r  t r e a t m e n t  s y s t e m s  have been  
r e m a r k a b ly  u n s u c c e s s f u l  a t  p r e d i c t i n g  r e a l - l i f e  o c c u r r e n c e s .  Curds 
(19 8 2 a )  b lames  t h e  f a i l u r e s  o f  t h e  models  on ( i )  t h e  l a c k  o f  knowledge 
o f  k i n e t i c  c o n s t a n t s  f o r  t h e  o rg an is m s  i n v o l v e d ,  ( i i )  t h e i r  t e n d e n c y  
t o  lump t o g e t h e r  f r e e  and f l o c c u l a t e d  b a c t e r i a ,  and ( i i i )  t h e i r  assump­
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Figure 58. Glaucoma F e e d i n g  and  S t a r v a t i o n  M o rp h o lo q ie s  
( H a r d i n g ,  1937b)
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i n t e r e s t i n g  t o  n o t e  t h a t  none o f  t h e  mode ls  a d e q u a t e l y  a d d r e s s e s  f i x e d  
f i l m  RBC o p e r a t i o n s  from t h e  s u b s t r a t e - p r e y - p r e d a t o r  p e r s p e c t i v e .
RBC P r o to z o a n  and Metazoan  S u c c e s s i o n  and D i s t r i b u t i o n . What 
t h e n  c o n t r o l s  t h e  s u c c e s s i o n  and u l t i m a t e  d i s t r i b u t i o n  o f  p r o t o z o a  and 
m e tazo a  i n  RBCs? The an s w er  goes  beyond  grow th  and r e p r o d u c t i v e  r a t e  
c o n s i d e r a t i o n s  b e c a u s e  t h e y  a r e  d e p e n d e n t  upon t h e  a v a i l a b i l i t y  o f  
e x c e s s  e n e r g y  a f t e r  c e l l  m a i n t e n a n c e  r e q u i r e m e n t s  a r e  met.  The a v a i l ­
a b i l i t y  o f  food  and t h e  e f f i c i e n c y  o f  p r o c u r i n g  i t  w i l l  more l i k e l y  
c o n t r o l  an o r g a n i s m ' s  s u c c e s s  i n  t h e  n a t u r a l  e n v i r o n m e n t a l  and i n  an 
RBC. These  two f a c t o r s  w i l l  d e t e r m i n e  how much s u b s t r a t e  an o rg a n i s m  
i s  a b l e  t o  s e q u e s t e r  and how l a r g e  i t s  g row th  and r e p r o d u c t i v e  r a t e s  
w i l l  be.  I f  food  a v a i l a b i l i t y  and  e f f i c i e n c y  o f  f e e d i n g  a r e  e q u i v a ­
l e n t  f o r  co m p e t in g  s p e c i e s ,  t h e n  y i e l d ,  g row th  and r e p r o d u c t i v e  e f f i c i e n ­
c i e s  w i l l  d e t e r m i n e  which  p o p u l a t i o n  i s  s u c c e s s f u l .  F e e d in g  e f f i c i e n c i e s  
t h e r e f o r e  p r o b a b l y  c o n t r o l  t h e  g e n e r a l  f e e d i n g - t y p e  o f  o rg a n i s m  p r e ­
s e n t ,  w h e reas  y i e l d ,  r e p r o d u c t i v e  and g row th  e f f i c i e n c i e s  and t h e  
s p e c i f i c  b a c t e r i a l  p r e f e r e n c e s  p r o b a b l y  d e t e r m i n e  w ha t  s p e c i e s  a p p e a r .
F or  ex am p le ,  f e e d i n g  e f f i c i e n c i e s  may c o n t r o l  w h e t h e r  o r  n o t  p e r i t r i c h s  
o r  swimming c i l i a t e s  a r e  p r e v a l e n t  i n  a s y s tem .  When p e r i t r i c h s  
p r e d o m i n a t e ,  y i e l d s ,  g row th  and r e p r o d u c t i v e  r a t e s ,  and t h e  s p e c i e s  o f  
b a c t e r i a  p r e s e n t  may c o n t r o l  w h e t h e r  p e r i t r i c h  s p e c i e s  A o r  B i s  
p r e d o m i n a n t .  Because  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on s p e c i f i c  
y i e l d s ,  g row th  and r e p r o d u c t i v e  e f f i c i e n c i e s ,  r e l a t i v e  r a t i o s  o f  
b a c t e r i a  p r e s e n t ,  o r  s p e c i f i c  c i l i a t e  p r e f e r e n c e s  f o r  b a c t e r i a l  
s p e c i e s ,  i t  i s  h a rd  t o  p r e d i c t  t h e  p r e s e n c e  o r  a b s e n c e  o f  s p e c i e s .
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Some i n f o r m a t i o n  i s  a v a i l a b l e ,  how ever ,  t h a t  s u g g e s t s  why 
g ro u p s  o f  c i l i a t e s  w i t h  c e r t a i n  t y p e s  o f  f e e d i n g  mechanisms may p r e ­
d o m in a te  a t  d i f f e r e n t  t i m e s  and i n  d i f f e r e n t  com par tm en ts  o f  RBCs.
S t o u t  ( 1980 )  n o t e d  t h a t  f a u n a l  d i v e r s i t y  i s  t h e  key t o  d e c o m p o s i t i o n  
i n  p o l l u t e d  w a t e r s .  D i v e r s i t y  i n  f e e d i n g  s t r u c t u r e  l i m i t s  c o m p e t i t i o n  
among p o p u l a t i o n s  and t h e r e f o r e  h e l p s  d i f f e r e n t  p o p u l a t i o n s  a d a p t  t o  
d i f f e r e n t  e n v i r o n m e n t s .  In  RBCs c o m p e t i t i o n  among p r o t o z o a  i s  f o r  
f r e e  b a c t e r i a .  B i o f i l m  b a c t e r i a  a r e  p r o b a b l y  n o t  p r e y e d  upon t o  any 
s i g n i f i c a n t  e x t e n t .
As lo n g  as  t h e  sy s t e m  i s  o p e r a t i n g  c o r r e c t l y ,  a f a i r l y  d i v e r s e ,
y e t  c o n s t a n t  s u p p ly  o f  b a c t e r i a  i s  e n t e r i n g  t h e  r e a c t o r .  I n i t i a l
8 9c o n c e n t r a t i o n s  a r e  u s u a l l y  h i g h ,  e s t i m a t e d  a t  10 - 10 b a c t e r i a  p e r
ml (Gaudy and Gaudy,  1980) .  F l a g e l l a t e s ,  w i t h  t h e i r  r e l a t i v e l y  s im p l e  
mode o f  l o c o m o t i o n ,  a r e  t h e  f i r s t  i n v a d e r s .  They need t o  have a 
f a i r l y  h ig h  c o n c e n t r a t i o n  o f  b a c t e r i a  i n  t h e  medium t o  s u r v i v e  b e c a u s e  
t h e y  must  swim t o  o b t a i n  t h e i r  p r e y ,  which  r e q u i r e s  l a r g e  amounts o f  
e n e r g y  in  t h e  form o f  b a c t e r i a ,  and b e c a u s e  t h e y  c a n n o t  c o n c e n t r a t e  o r  
f i l t e r  them from t h e  b u l k  l i q u i d .  In c o n d i t i o n s  where p r e y  d e n s i t y  i s  
v e ry  h ig h  and no o t h e r  c o m p e t i t o r s  e x i s t ,  f l a g e l l a t e s  need  t o  swim 
o n l y  a v e r y  s h o r t  d i s t a n c e  b e f o r e  t h e y  "bump" i n t o  a b a c t e r i a  which  
t h e y  can  p h a g o c y t i z e .  F l a g e l l a t e s  have an a d v a n t a g e  o v e r  t h e  more 
complex  c i l i a t e s  b e c a u s e  t h e y  p o s s e s s  l i t t l e  u l t r a s t r u c t u r e  and have 
h i g h e r  g row th  and r e p r o d u c t i v e  r a t e s .  T h e r e f o r e  a t  h igh  b a c t e r i a l  
c o n c e n t r a t i o n s  l e s s  e n e r g y  i s  r e q u i r e d  f o r  c e l l  m a in t e n a n c e .  T h e i r  
number can  i n c r e a s e  r a p i d l y  b e c a u s e  t h e y  have h ig h  g row th  and r e p r o d u c ­
t i v e  r a t e s .  U n f o r t u n a t e l y ,  such  an i n c r e a s e  i n  t h e i r  numbers c a u s e s  
t h e  e n v i ro n m e n t  t o  be m o d i f i e d ,  d e c r e a s i n g  p r e y  d e n s i t y  and a l l o w i n g
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o t h e r  more e f f i c i e n t  f e e d e r s  t o  p r o s p e r .  F l a g e l l a t e s  were  o b s e r v e d  t o  
p r e d o m i n a t e  i n  t h e  W.R.C. RBCs w i t h i n  a few days  o f  s t a r t - u p ,  and were  
l a t e r  r e p l a c e d  i n  a l l  b u t  t h e  f i r s t  com par tm en ts  by o t h e r  p r o t o z o a .
B a c t e r i o v o r o u s  f r e e - s w im m in g  c i l i a t e s  have mouth s t r u c t u r e s  o f  
v a r y i n g  c o m p l e x i t y .  C o lp id iu m  and Glaucoma p o s s e s s  r e l a t i v e l y  s im p l e  
mouths  and must  swim r a p i d l y  t o  g a t h e r  p r e y .  U n le s s  b a c t e r i a l  d e n s i ­
t i e s  a r e  f a i r l y  h i g h ,  t h e y  have t o  expend e x c e s s i v e  amounts  o f  e n e r g y  
swimming i n  s e a r c h  o f  p r e y .  I t  i s  n o t  s u r p r i s i n g  t h a t  t h e s e  o rg a n i s m s  
a r e  u s u a l l y  o n ly  p r e d o m i n a n t  i n  c o n d i t i o n s  where  b a c t e r i a l  c o n c e n t r a -
a
t i o n s  a r e  h ig h  (>10 o rg a n i s m s  p e r  m l ) .  The i n i t i a l  “ bloom" o f  t h e s e  
o rg a n i s m s  o b s e r v e d  i n  t h e  W.R.C. e x p e r i m e n t s  and i n  t h e  s t a r t - u p  o f  
o t h e r  RBC p l a n t s  ( p e r s o n a l  o b s e r v a t i o n )  s u g g e s t s  t h a t  t h e y  may o n l y  be 
a d a p t e d  t o  t h o s e  v e r y  p o l l u t e d  c o n d i t i o n s  which  e x i s t  d u r i n g  s t a r t u p .
A few i n d i v i d u a l s ,  how ever ,  may be s p o t t e d  i n f r e q u e n t l y  i n  t h e  e a r l y  
com par tm en ts  o f  h e a v i l y - l o a d e d  RBCs.
O t h e r  s m a l l e r  and  more e f f i c i e n t  f e e d e r s  w i t h  more s p e c i a l i z e d  
u n d u l a t i n g  m e m b ran e ! l e s  may s u b s e q u e n t l y  become p r e d o m i n a n t  b e c a u s e  o f  
t h e i r  g r e a t e r  f e e d i n g  e f f i c i e n c i e s .  Examples of  t h e s e  t y p e s  o f  o r g a n ­
isms o b s e r v e d  i n  t h e  RBCs a r e  Param ec ium , Uronema, C i n e t o e h i l u m  and 
P s eu d o q lau co m a .
I t  a p p e a r s ,  how ever ,  t h a t  t h e  a t t a c h e d  p e r i t r i c h s  a r e  b e s t  
a b l e  t o  s u r v i v e  i n  RBCs. T h i s  i s  p r o b a b l y  b e c a u s e  t h e y  can  a v o i d  
w as h o u t .  In  o r d e r  t o  s u s t a i n  a s u c c e s s f u l  p o p u l a t i o n  o f  o rg a n i s m s  in  
an RBC, a s p e c i e s 1 g e n e r a t i o n  t i m e  mus t  be lo w er  t h a n  t h e  s y s t e m ’ s 
d i l u t i o n  r a t e .  Even i f ,  a s  B o r r o r  (19 6 8 )  s u g g e s t e d ,  a f r ee - s w im m in g  
c i l i a t e  s e e k s  p r o t e c t i o n  i n  t h e  b i o l o g i c a l  m a t ,  i t s  g e n e r a t i o n  t i m e  
mus t  be f a i r l y  s m a l l .  Only c i l i a t e s  l i k e  Uronema, a f r e e - s w im m e r  w i t h
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an e x c e p t i o n a l l y  s h o r t  g e n e r a t i o n  t im e  ( 2 . 5  h ) ,  would  be a b l e  t o  
s u r v i v e  w i t h o u t  w as h in g  o u t .  Even s o ,  food  s u p p l i e s  mus t  be e x t r e m e l y  
h igh  t o  s u p p o r t  a h ig h  g row th  and r e p r o d u c t i v e  r a t e  b e c a u s e  RBC h y d r a u ­
l i c  r e t e n t i o n  t i m e s  a r e  low. The h i g h e s t  r e t e n t i o n  t i m e  i n  t h e  W.R.C. 
e x p e r i m e n t s  o c c u r r e d  when t h e  TOLR was 2 . 0  g TOC/m -d (R .T.  = 1 7 .2  h ) .  
O th e r  r e t e n t i o n  t i m e s  were  m a rk e d ly  lo w er  (R .T .  = 5 . 7  and 8 . 6  h f o r  
TOLR = 6 . 0  and 4 . 0  g TOC/m -d ,  r e s p e c t i v e l y ) .  These  d i l u t i o n  r a t e s  
would d i c t a t e  t h a t  t h o s e  f r e e - s w im m in g  c i l i a t e s  w i t h  h ig h  f e e d i n g  
e f f i c i e n c i e s  and h ig h  r e p r o d u c t i v e  r a t e s  would be t h e  m a jo r  t y p e s  
r e p r e s e n t e d .  Small  o r g a n i s m s  s h o u ld  p r e d o m i n a t e  as  t h e y  have t h e  
h i g h e s t  r e p r o d u c t i v e  r a t e s  p e r  gram o f  food  i n g e s t e d  ( F e n c h e l ,  1968b) .  
In  t h e  RBCs t h e  f r e e - s w im m in g  b a c t e r i o v o r o u s  c i l i a t e s  o b s e r v e d  were  
u s u a l l y  s m a l l :  C i n e t o c h i 1um, Uronema, and P s e u d o g lau co m a . The l a r g e
f r e e - s w i m m e r s , C o lp id ium  and Glaucom a, d i s a p p e a r e d .
S t a l k e d  c i l i a t e s  have  a lw ays  been a s s o c i a t e d  w i t h  good e f f l u e n t  
q u a l i t y  and t h e  h i g h e s t  s t a g e s  o f  p r o t o z o a n  s u c c e s s i o n .  They a r e  
o b v i o u s l y  b e t t e r  a d a p t e d  t o  w a s t e w a t e r  t r e a t m e n t  s y s t e m s  b e c a u s e  t h e y  
can  a t t a c h  t o  f l o e s  o r  f i x e d  f i l m s  and w i l l  n o t  wash o u t  o f  t h e  u n i t .
In g e n e r a l ,  s t a l k e d  c i l i a t e s  a p p e a r  v e r y  e a r l y  i n  s u c c e s s i o n .  The RBC 
s t u d i e s  i n d i c a t e  t h a t  t h e i r  a p p e a r a n c e  may be f a c i l i t a t e d  by t h e  
a c t i v i t y  o f  t h e  f r e e - s w im m e rs  which  r e d u c e s  t h e  b a c t e r i a l  p o p u l a t i o n s .
The p r e s e n c e  o f  s t a l k e d  c i l i a t e s  a l o n e ,  however ,  i s  n o t  enough 
t o  a s s u r e  good q u a l i t y  e f f l u e n t ,  as  i n d i c a t e d  by t h e i r  p r e s e n c e  ( i )  in  
t h e  m id d le  com par tm en ts  o f  a l l  o f  t h e  u n i t s ,  and ( i i )  a t  h ig h  ROLRs. 
From t h e  l i t e r a t u r e  and from ex a m in in g  d a t a  from t h e  U.S.  RBC s t u d i e s ,  
i t  a p p e a r s  t h a t  a h i e r a r c h y  may e x i s t  w i t h i n  t h e  s t a l k e d  fo rm s .
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Both O p e r c u l a r i a  and V o r t i c e l l a  m ic ro s to m a  a p p e a r  i n  t h e  e a r l y  
com par tm en ts  o f  t h e  W.R.C. and U.S. RBCs and i n  o t h e r  o v e r l o a d e d  
s y s t e m s  ( R e i d ,  1971;  C u rd s ,  1982) .  C o n v e r s e l y ,  E p i s t y l i s , C a r c h e s i u m , 
V o r t i c e l l a  c a m p u n u la , V. c o n v a l l a r i a , V. p i e t a , V. f r o m e n t e l i , and 
V. communis (Horaswa,  1950;  L loyd ,  1973;  Sudo e t  a l . ,  1977;  R e id ,
1969;  Curds and Cockburn ,  1970a and b)  a r e  p r e s e n t  when e f f l u e n t  
q u a l i t y  i s  a t  i t s  b e s t ,  and t u r b i d i t y  and f r e e  b a c t e r i a l  d e n s i t i e s  a r e  
a t  t h e i r  l o w e s t  ( i - e .  t h e  l a s t  com par tm en ts  a t  P l a i n v i l l e ,  C onn . ;  Old 
Town, Maine;  E l l s w o r t h  ( 1 2 - 1 - 8 2 ) ,  and L i n c o l n ,  M aine) .  T h i s  would  
s u g g e s t  t h a t  O p e r c u l a r i a  and V o r t i c e l l a  m ic ro s to m a  a r e  somehow l e s s  
a d a p t e d  t o  low b a c t e r i a l  d e n s i t i e s .  What l i t t l e  i s  known a b o u t  a l l  o f  
t h e s e  o rg a n i s m s  would s u g g e s t  t h a t  t h e i r  y i e l d s ,  g row th  and r e p r o ­
d u c t i v e  e f f i c i e n c i e s  a r e  r e l a t i v e l y  s i m i l a r .  However,  an e x a m i n a t i o n  
o f  t h e i r  f e e d i n g  m o rp h o l o g ie s  and mechanisms g i v e s  a p o s s i b l e  c l u e  as  
t o  t h e i r  d i f f e r e n c e s .
Both O p e r c u l a r i a  and V o r t i c e l l a  m ic ro s to m a  have r e l a t i v e l y  
sm al l  mouth o p e n i n g s  and p e r i s t o m a l  d i s c  a r e a s .  C o n v e r s e l y ,  E p i s t y l i s , 
C a r c h e s i u m , and t h e  V o r t i c e l l i d s  m e n t io n e d  above  have l a r g e  mouths and 
p e r i s t o m a l  o p e n i n g s .  Because  t h e  q u a n t i t y  o f  w a t e r  f i l t e r e d  by an 
o rg an is m  i s  p r o p o r t i o n a l  t o  t h e  s i z e  o f  t h e  v o r t e x  o r  s t r e n g t h  o f  t h e  
w a t e r  c u r r e n t s  i t  can g e n e r a t e ,  l a r g e ,  open p e r i s t o m a l  s t r u c t u r e s  may 
i n c r e a s e  t h e  amount o f  w a t e r  t h a t  can  be f i l t e r e d .  T h i s  w i l l  i n c r e a s e  
t h e  f e e d i n g  e f f i c i e n c i e s  o f  t h e  s p e c i e s  which  p o s s e s s  t h i s  morphology.  
O p e r c u l a r i a  and V o r t i c e l l a  m ic ro s to m a  may be o u t - c o m p e te d  by E p i s t y l i s , 
C a r c h e s i u m , and o t h e r  l a r g e - m o u t h e d  v o r t i c e l l i d s  when b a c t e r i a l  d e n s i ­
t i e s  become low in  t h e  l a t t e r  com par tm en ts  o f  an RBC
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U n f o r t u n a t e l y ,  b e c a u s e  o f  t h e  r e l a t i v e l y  s h o r t  t i m e  p e r i o d  t h e  
W.R.C. RBCs re m a in e d  a t  a g i v e n  TOLR, t h e  s u c c e s s i o n  t o  t h e  l a r g e  
open-mouth  p e r i t r i c h s  may have been  p r e c l u d e d .
V o r t i c e l l i d s ,  s o l i t a r y  s t a l k e d  c i l i a t e s ,  may be s e l e c t e d  
a g a i n s t  i n  RBCs ( few  a p p e a r e d  r e l a t i v e  t o  t h e  number o f  c o l o n i a l  
p e r i t r i c h s )  b e c a u s e ,  f o l l o w i n g  r e p r o d u c t i o n  t h e  new z o o i d  c r e a t e d  
swims o f f  t o  r e s e t t l e  and grow. They do n o t  a p p e a r  t o  have d e v e l o p e d  
t h e  c a p a c i t y  t o  have more t h a n  one z o o i d  p e r  s t a l k .  Such a mechanism 
o f  r e p r o d u c t i o n  may r e s u l t  i n  w a s h o u t  o f  many o f  t h e  t e l e o t r o c h s .  
S t a l k e d  c o l o n i a l  forms do n o t  have an o b l i g a t e  f r ee - s w im m in g  s t a g e  i n  
t h e i r  a s e x u a l  l i f e  c y c l e  and may a v o i d  w ashou t  i n  RBCs.
A few c r a w l i n g  and f r e e - s w im m in g  s p i r o t r i c h s  were  s e e n  a s s o ­
c i a t e d  w i t h  t h e  U.S.  RBCs. They t e n d  t o  be a s s o c i a t e d  w i t h  s u r f a c e s  
( B o r r o r ,  1968;  F e n c h e l ,  1 9 6 9 ) ,  which  may h e l p  them overcome w as h o u t  
p ro b le m s .  I t  i s  d o u b t f u l ,  however,  t h a t  t h e y  w i l l  o u t - c o m p e t e  p e r i ­
t r i c h s  i n  RBCs u n l e s s  b a c t e r i a l  d e n s i t i e s  a r e  h i g h ,  making t h e i r  
f e e d i n g  mode more e f f i c i e n t .
R o t i f e r s  a r e  l a r g e  f r ee - sw im m ing  m e tazoa .  Two t y p e s  a p p e a r  in  
t h e  RBCs, a f i l t e r  f e e d e r  and  a c a r n i v o r e .  Both a r e  a s s o c i a t e d  w i th  
s u r f a c e s  i n  t h e  m a r i n e  e n v i r o n m e n t  ( T h a n e - F e n c h e l , 1968) .  The f i l t e r  
f e e d e r s  a r e  a b l e  t o  a t t a c h  t o  a s u r f a c e  u s i n g  a f o o t  and g e n e r a t e  
m a s s iv e  v o r t i c e s .  They a r e  c a p a b l e  o f  f i l t e r i n g  l a r g e  amounts  o f  
w a t e r  and  c o n c e n t r a t i n g  b a c t e r i a  r e l a t i v e l y  e f f i c i e n t l y .  They a r e  
n o r m a l ly  p r e s e n t  as  p r e d o m i n a n t  forms in  l a t t e r  c o m p a r tm e n t s ,  p e r h a p s  
b e c a u s e  t h e y  can  compete  e f f e c t i v e l y  f o r  t h e  l i m i t e d  food  s u p p l y .
C a r n i v o r o u s  fo rm s ,  such  as  some r o t i f e r s  and A m p h i l e p t i d a e ,  
a r e  a l s o  u s u a l l y  p r e s e n t  i n  low numbers in  com par tm en ts  where  t h e i r
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p r e f e r r e d  p r e y  ( t h e  s t a l k e d  c i l i a t e s )  abound.  The p y ram id  o f  b i o f i l m  
o rg a n i s m s  ( F i g u r e  69) p r e d i c t s  t h a t  c a r n i v o r e s  can n e v e r  be p r e s e n t  in  
v e r y  h ig h  numbers b e c a u s e  t h e i r  p r e y  a r e  in  l i m i t e d  s u p p l y .  The 
r e s u l t s  o f  t h i s  r e s e a r c h  would  s u g g e s t  t h a t  t h e  m a jo r  c a r n i v o r o u s  
c i l i a t e s  in  RBCs a r e  A m p h i l e p t u s , L i t o n o t u s , and T r a c h e l o p h y l 1um, w i t h  
S pa th id iu rn  p l a y i n g  a r e l a t i v e l y  minor  r o l e .  Curds (1973)  s u g g e s t s  
t h a t  t h e s e  t h r e e  m a jo r  p r e d a t o r s  p r e f e r  V o r t i c e l l a , C a r c h e s i u m , and 
O p e r c u l a r i a . The d a t a  o b t a i n e d  h e r e  s u g g e s t s  t h a t  t h e y  may a l s o  e a t
E p i s t y l i s . C a r n i v o r e s  a p p e a r e d  i n  c om par tm e n ts  where  E p i s t y l i s  o c c u r ­
r e d  i n  h ig h  numbers .  The s t a l k e d  c a r n i v o r o u s  s u c t o r i a  were  n e v e r  as 
p r e v a l e n t  a s  t h e  f r ee - s w im m in g  c a r n i v o r e s .  They were  r e p r e s e n t e d  in  
RBCs i n  low er  numbers t h a n  t h e y  a r e  found i n  a c t i v a t e d  s l u d g e  (Curds  
and C ockburn ,  1970a) .  T h i s  may be b e c a u s e  t h e y  c a t c h  t h e i r  p r e y  when
t h e  p r e y  bump i n t o  t h e  s u c t o r i a n  t e n t a c l e s .  In  a c t i v a t e d  s l u d g e  t h e r e
i s  a g r e a t e r  o p p o r t u n i t y  f o r  random c o n t a c t  w i t h  p e r i t r i c h s  as  t h e  
f l o e s  a r e  a g i t a t e d  v i g o r o u s l y .  In  RBCs such  c o n t a c t  i s  l i m i t e d  by t h e  
n a t u r e  o f  t h e  p r o c e s s .
The o n l y  p r o t o z o a  and m e tazoa  which  a p p e a r  t o  be g r a z i n g  on 
t h e  b i o f i l m  b a c t e r i a  a r e  C h i l o d o n e l l a , A s p i d i s c a , g i a n t  amoebae ,  
P l a g i o p . y l a , and nem atodes .  C h i l o d o n e l l a  has  a mouth t h a t  i s  s p e c i a l l y  
a d a p t e d  t o  e a t i n g  f i l a m e n t s  a s s o c i a t e d  w i t h  t h e  b i o f i l m .  A s p i d i s c a , a 
c r a w l i n g  s p i r o t r i c h ,  may be a b l e  t o  remove b a c t e r i a  from t h e  b i o f i l m .  
G i a n t  amoebae,  which  e a t  a l a r g e  v a r i e t y  o f  food  p a r t i c l e s  i n c l u d i n g  
r o t i f e r s ,  p e r i t r i c h s ,  and b a c t e r i a ,  a p p e a r  t o  i n h a b i t  t h e  u p p e r  l a y e r s  
o f  t h e  f i l m  b e c a u s e  t h e y  a r e  o b l i g a t e  a e r o b e s  and b e c a u s e  t h a t  i s  
where t h e i r  p r e y  a r e  l o c a t e d .  P l a g i o p y l a , a f r e e - s w im m in g  c i l i a t e ,  
















F i g u r e  69.  P r o d u c t i v i t y ,  Biomass ,  and Numbers Pyramids  o f  
B io f i lm  Organ isms .
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merits r i c h  in  ( F e n c h e l ,  1968a) .  I t s  p r e y  a r e  p r o b a b l y  t h e  b i o f i l m  
f i l a m e n t s  a n d / o r  s u l f u r - c o n t a i n i n g  s i n g l e - c e l l e d  b a c t e r i a  l o c a t e d  in  
t h e  u p p e r  f i l m  s u r f a c e s  i n  t h e  o v e r l o a d e d  co m p ar tm e n ts .
Nematodes a r e  o f t e n  a s s o c i a t e d  w i t h  t r i c k l i n g  f i l t e r  b i o f i l m s  
and t h e i r  a c t i v i t i e s  have been  c i t e d  as  a p o s s i b l e  c a u s e  f o r  s l o u g h i n g  
(Cooke ,  1959) .  They a r e  more a d a p t e d  t o  l i f e  w i t h i n  d e n s e  d e t r i t a l  
mats  and b i o f i l m s  th a n  a r e  c i l i a t e s  ( F e n c h e l ,  1967) .  Though nematodes  
can  e a t  d e t r i t u s ,  b a c t e r i a ,  o r  p r o t o z o a ,  t h o s e  a s s o c i a t e d  w i t h  t h e  RBC 
b i o f i l m  a p p e a r  t o  consume a t t a c h e d  b a c t e r i a .  Because  o f  t h e i r  r e l a ­
t i v e l y  h ig h  m e t a b o l i c  r a t e  t h e y  may a l s o  r e g e n e r a t e  n u t r i e n t s  i n  t h e  
f i l m  ( J o h a n n e s ,  1965) .
The r o l e s  p l a y e d  by smal l  amoebae and nematodes  i n  w a s t e w a t e r  
t r e a t m e n t  s y s t e m s  have n o t  been as  t h o r o u g h l y  examined as  t h e  r o l e s  o f  
b a c t e r i a  and c i l i a t e s .  Small  amoebae a r e  p r o b a b l y  p r e v a l e n t  t h r o u g h ­
o u t  t h e  RBC b i o f i l m s ,  b u t  a r e  o f t e n  o v e r l o o k e d  b e c a u s e  o f  t h e i r  s i z e  
and a p p e a r a n c e  (Sydenham, 1971) .  The s m a l l e s t  forms  a r e  a l s o  d i f f i c u l t  
t o  i d e n t i f y  a s  t h e y  may e x i s t  in  an e n c y s t e d ,  v e g e t a t i v e ,  o r  f l a g e l ­
l a t e d  s t a g e .  I d e n t i f i c a t i o n  o f  amoebae i s  e x t r e m e l y  d i f f i c u l t  and 
r e q u i r e s  c u l t u r i n g .  The l i g h t  and e l e c t r o n  m i c r o s c o p i c a l  e x a m i n a t i o n s  
o f  RBCs b i o f i l m s  i n d i c a t e  t h a t  smal l  amoebae may be e f f e c t i v e  b a c t e r i o -  
v o r e s  i n  t h e  b i o f i l m .  T h e i r  a b i l i t y  t o  a c t  a s  p r e d a t o r s  on s o i l  
b a c t e r i a  has  been  r e a l i z e d  f o r  a l o n g  t i m e  ( C u t l e r  and Crump, 1920;  
C u t l e r  e t  a l . ,  1922; C u t l e r ,  1923) .  Amoebae have s i m i l a r  y i e l d s  t o  
t h o s e  o f  c i l i a t e s ,  a v e r a g i n g  a b o u t  40 % c o n v e r s i o n  o f  b a c t e r i a l  c a rb o n  
t o  c e l l  m a t t e r  (Coleman e t  a l . ,  1978a) .  C o n v e r s e l y ,  nematodes  which  
have v e r y  low y i e l d s  when f e e d i n g  on b a c t e r i a ,  l o s e  most  o f  t h e  c a rb o n  
d u r i n g  r e s p i r a t i o n  (Coleman e t  a l . ,  1 978a ) .  I f ,  however ,  nematodes
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e a t  amoebae t h e i r  y i e l d  i n c r e a s e s .  Nematodes may be g r a z i n g  on b o th  
sm al l  amoebae and b a c t e r i a  w i t h i n  t h e  b i o f i l m  (A nderson  e t  a l . , 1978) .  
U n l ik e  many m e ta z o a ,  nem atodes  a r e  a b l e  t o  r e p r o d u c e  u s i n g  r e s i s t a n t  
eggs  and l a r v a e ,  which  can s u r v i v e  n u t r i e n t  l i m i t e d  c o n d i t i o n s  (A nder ­
son e t  a l . ,  1978) .  The e x t e n t  t o  which  nem atodes  can  s u r v i v e  oxygen 
l i m i t i n g  e n v i ro n m e n t s  which  may d e v e l o p  i n  t h e  b i o f i l m  i s  n o t  known. 
T h e i r  r o l e  in  RBCs needs  t o  be s t u d i e d  i n  g r e a t e r  d e t a i l .
M i s c e l l a n e o u s  RBC O b s e r v a t i o n s . The a c t i v i t y  o f  t h e  p r o t o z o a n  
and metazoan  p o p u l a t i o n s  i n  t h e  RBCs examined was v e r y  h ig h .  Organisms  
were  f e e d i n g ,  moving,  and r e p r o d u c i n g  w i t h  g r e a t  v i g o r  even d u r i n g  
m i c r o s c o p i c  e x a m i n a t i o n s .  T h i s  h igh  d e g r e e  o f  a c t i v i t y  s u g g e s t s  t h a t  
t h e  com m uni t ie s  were " h e a l t h y " .
T e m p e ra t u re  e f f e c t s ,  which  a r e  o f t e n  a p rob lem  i n  n a t u r a l  
s y s t e m s ,  were  p r o b a b l y  n o t  s i g n i f i c a n t  in  t h e  RBCs examined b e c a u s e  
t h e  u n i t s  were  l o c a t e d  i n d o o r s  and b e c a u s e  t h e  m u n i c ip a l  i n f l u e n t  
w a s t e w a t e r  was r a r e l y  l e s s  t h a n  15° C.
Very l i t t l e  a c t i v i t y  was o b s e r v e d  i n  t h e  mixed l i q u o r .  I t  i s  
d o u b t f u l  t h a t  p r o t o z o a n  and m e tazoan  com m u n i t ie s  c o u l d  become e s t a b ­
l i s h e d  t h e r e  b e c a u s e  o f  t h e  s h o r t  h y d r a u l i c  r e t e n t i o n  t i m e s ,  t h e  l a c k  
o f  s l u d g e  r e c y c l e ,  and t h e  low d i s s o l v e d  oxygen c o n c e n t r a t i o n s .  The 
b a c t e r i a l  f l o e s ,  however,  may be a c t i v e l y  removing  o r g a n i c  m a t t e r  
(K incannon  and G ro v es ,  1980) .
The a c t i v i t y  o f  t h e  b i o f i l m  p r o t o z o a  may n o t  have been  l i m i t e d  
by oxygen c o n c e n t r a t i o n s ,  t h o u g h  most  c i l i a t e s  a r e  known t o  r e q u i r e  a 
s i g n i f i c a n t  amount o f  oxygen (V e rn b e rg  and C o u l l ,  1974).  P r o t o z o a  and 
m e tazoa  a r e  f o r  t h e  most  p a r t  a s s o c i a t e d  w i t h  t h e  s u r f a c e  o f  t h e  f i l m
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where s u f f i c i e n t  oxygen may be a v a i l a b l e  t o  s u p p l y  t h e i r  needs  ( A s t a s i  
and B o r c h a r d t ,  1982).
A l a r g e  amount o f  v a r i a t i o n  o c c u r r e d  in  d a i l y  c o u n t s  o f  t h e  
p r o t o z o a  and m e tazoa .  T h i s  phenomenon has o c c u r r e d  i n  o t h e r  w a s t e ­
w a t e r  t r e a t m e n t  and s o i l  s y s t e m s  ( C u r d s ,  1971;  C u l t e r ,  1923) .  Some o f  
t h i s  v a r i a t i o n  may be e x p l a i n e d  by r a p i d  r e s p o n s e s  o f  p r o t o z o a  t o  
f l u c t u a t i o n s  i n  t h e  i n f l u e n t  f r e e  b a c t e r i a l  c o n c e n t r a t i o n s .  T h i s  
e f f e c t  o c c u r s ,  however ,  o n l y  a f t e r  a l a g  p e r i o d  and w i t h  a d e c r e a s i n g  
d e g r e e  o f  im p a c t  a s  t h e  e n e r g y  i s  t r a n s f e r r e d  up t h e  food  c h a i n  ( C u r d s ,  
1973) .  The s e e m i n g ly  e r r a t i c  changes  in  m o t i l e  s p e c i e s  was p r o b a b l y  
a t t r i b u t a b l e ,  in  p a r t ,  t o  t h e  d o t  c o u n t  e n u m e r a t i o n  t e c h n i q u e  used .  
B e t t e r  r e s u l t s  were  o b t a i n e d  w i t h  t h e  s c a n n i n g  t e c h n i q u e .
V a r i a t i o n s  were  a l s o  o b s e r v e d  i n  t h e  s i z e  o f  t h e  i n d i v i d u a l s  
o f  g iv e n  p o p u l a t i o n s .  T h i s  was e s p e c i a l l y  t r u e  f o r  t h e  f r ee - s w im m in g  
c i l i a t e s .  In  com par tm en ts  where b a c t e r i a l  d e n s i t i e s  were  h ig h  t h e  
o rg a n i s m s  were  l a r g e r  t h a n  t h e i r  c o h o r t s  a p p e a r i n g  in  com par tm en ts  
w i t h  low er  b a c t e r i a l  d e n s i t i e s .  A s i m i l a r  e f f e c t  i s  o b s e r v e d  in  
l a b o r a t o r y  c u l t u r e s  when fo o d  s u p p ly  becomes l i m i t i n g  ( H a r d i n g ,  1937 
and 1937b; V iew ger ,  1926).
When t h e  TOLR o f  t h e  e x p e r i m e n t a l  u n i t  was i n c r e a s e d  s u d d e n ly  
2from 2 . 0  t o  6 . 0  g TOC/m *d, t h e  community s t r u c t u r e  d i d  n o t  change  f o r  
many days .  The a c t i v i t y  l e v e l  and s i z e  o f  t h e  o rg a n i s m s  d e c r e a s e d  
r a p i d l y ,  however.  An i n c r e a s e  in  t u r b i d i t y  and ,  t h u s ,  f r e e  b a c t e r i a l  
c o n c e n t r a t i o n s  was commensura te  w i t h  t h e  o n s e t  o f  t h i s  s lowdown. The 
TOC c o n c e n t r a t i o n  i n c r e a s e d  more s lo w ly  i n d i c a t i n g  t h a t  t h e  b a c t e r i a  
were  b e t t e r  a b l e  t o  a d a p t  t o  t h e  i n c r e a s e d  o r g a n i c  l o a d i n g .  I f  t h e  
u n i t s  had been a l l o w e d  t o  s t a y  a t  t h e  h i g h e r  TOLR f o r  a l o n g e r  p e r i o d
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o f  t i m e ,  i t  i s  l i k e l y  t h a t  t h e  p o p u l a t i o n s  b e t t e r  a b l e  t o  compete  a t  
h i g h e r  b a c t e r i a l  c o n c e n t r a t i o n s  would  have r e t u r n e d .  T h i s  e f f e c t  was 
s een  t o  some e x t e n t  in  t h e  l a s t  com par tm en t  when O p e r c u l a r i a  and 
nematodes  i n c r e a s e d  t o  fo r m e r  l e v e l s  ( F i g u r e  4 8 ) .  T o l e r a n c e  t o  chem i­
ca l  p a r a m e t e r s  may have p l a y e d  a r o l e  a l s o .
The r e p r o d u c t i v e  c y c l e s  o f  many p r o t o z o a  a r e  unknown and have 
r a r e l y  been o b s e r v e d ,  e s p e c i a l l y  in  t h e  n a t u r a l  e n v i ro n m e n t .  D a i l y  
e x a m i n a t i o n s  o f  t h e  b i o f i l m  c i l i a t e s  i n d i c a t e d  t h a t  P y x i d i e l l a  may n o t  
be a s e p a r a t e  g e n u s ,  b u t  r a t h e r  t h e  s o l i t a r y  z o o i d  o f  t h e  c o l o n y -  
fo rm in g  O p e r c u l a r i a . I t  a l s o  a p p e a r s  t h a t  O p e r c u l a r i a  p h ry g a n e a e  may 
r e p r o d u c e  a s e x a l l y  by b i n a r y  f i s s i o n ,  and s e x u a l l y  by s o l i t a r y  a n d / o r  
c l u s t e r  m ic rogam e te  f o r m a t i o n  (A ppend ix  IV).
Dur ing  and i m m e d i a t e l y  a f t e r  a s e x u a l  r e p r o d u c t i o n  t h e  c i l i a t e s  
a r e  o f t e n  h a rd  t o  i d e n t i f y .  They have o b s c u r e  s h a p e s  b e f o r e  t h e  
m o the r  and d a u g h t e r  c e l l s  s p l i t .  They a l s o  a r e  o f t e n  u n u s u a l l y  smal l  
a f t e r  d i v i s i o n  has  o c c u r r e d .
RBC P r o t o z o a  and Metazoa  a s  I n d i c a t o r  O r g a n i s m s .
In o r d e r  t o  f a c i l i t a t e  t h e  a n a l y s i s  o f  t h e  d a t a  and t o  d e t e r ­
mine i f  p r o t o z o a  and m e ta z o a  c o u l d  be u sed  as  i n d i c a t o r s  o f  e f f l u e n t
q u a l i t y  and s y s tem  " h e a l t h " ,  t h e  c om par tm e n ts  were a r r a y e d  a c c o r d i n g
2
t o  t h e i r  r e s p e c t i v e  a v e r a g e  ROLR (g  TOC/m *RT) and TOC ( m g / l i t e r )  
v a l u e s .
Using  c l u s t e r  a n a l y s i s  t e c h n i q u e s  t h e  com m u n i t ie s  o f  p r o t o z o a  
and m e tazoa  d e v e l o p e d  a t  " s t e a d y - s t a t e "  were  compared ( F i g u r e  7 0 ) .  In  
g e n e r a l ,  t h e  d e g r e e  o f  s i m i l a r i t y  shown in  t h e  W.R.C. RBC d a t a  was 
v e ry  h igh  when compared w i t h  o t h e r  n a t u r a l  s y s t e m s  (G re e n ,  1979) .
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T h i s  p r o b a b l y  r e s u l t e d  b e c a u s e  o n l y  s h o r t  a c c l i m a t i o n  p e r i o d s  o c c u r r e d
between  changes  i n  TOLR and b e c a u s e  o f  t h e  sm al l  numbers o f  s p e c i e s
o b s e r v e d .  The t r e l l i s  d ia g ra m  shows,  however ,  t h a t  a g r e a t  d e a l  o f
s i m i l a r i t y  e x i s t s  be tw een  com m un i t ie s  in  co m p ar tm e n ts  o p e r a t i n g  a t
s i m i l a r  ROLRs. C o n v e r s e l y ,  v e r y  l i t t l e  s i m i l a r i t y  o c c u r s  be tween
2com par tm en ts  w i t h  low ROLRs ( < 0 .3 0  g TOC/m *RT) and t h o s e  w i t h  h i g h e r
2
ROLRs ( > 0 .4 3  g TOC/m *RT). T h i s  a n a l y s i s  g i v e s  t h e  f i r s t  i n d i c a t i o n  
t h a t  community s t r u c t u r e s  and s p e c i e s  may be u s e f u l  a s  i n d i c a t o r s  o f  
RBC o p e r a t i o n .
A s p e c i e s  d i s t r i b u t i o n  t a b l e  ( T a b l e  24)  shows more d r a m a t i ­
c a l l y  t h e  i n c r e a s e  i n  t h e  number o f  s p e c i e s  w i t h  d e c r e a s i n g  ROLR and 
TOC. P r o t o z o a  and m e tazo a  o b s e r v e d  i n  s c a n n i n g  e x a m i n a t i o n s  were 
i n c l u d e d  t o  e l i m i n a t e  some o f  t h e  b i a s  a g a i n s t  m o t i l e  and s o l i t a r y  
s p e c i e s .  E x a m in a t io n  o f  t h e s e  d a t a  g i v e s  a c l e a r  i n d i c a t i o n  t h a t  a t  
a v e r a g e  TOC v a l u e s  o f  18 and 24 m g / l i t e r  (w h ich  c o r r e s p o n d  t o  a BOD^ 
o f  l e s s  t h a n  20 m g / l i t e r ) ,  f o u r  t y p e s  o f  o r g a n i s m s  may be u n iq u e .
These a r e  t h e  g i a n t  amoebae,  r o t i f e r s ,  Tachysom a, and P o d a p h r y a .
M u l t i p l e  r e g r e s s i o n s  o f  TOC vs .  c o u n t s  o f  t h e s e  o rg a n i s m s  p r o d u c e d  t h e
2
h i g h e s t  c o r r e l a t i o n s  a t t a i n e d  f o r  t h e  W.R.C. e x p e r i m e n t s  ( r  = 0 . 5 0  t o  
0 . 6 0 ) ,  b u t  t h e s e  v a l u e s  a r e  s t i l l  low due t o  t h e  v a r i a b i l i t y  w i t h i n  
i n d i v i d u a l  p o p u l a t i o n s .  I t  i s  a p p a r e n t  from F i g u r e s  49 t h a t  Tachysoma 
and Podaphrya  would n o t  be  good i n d i c a t o r  o rg a n i s m s  b e c a u s e  t h e y  
a p p e a r e d  i n  such  low numbers t h a t  t h e y  c o u l d  be e a s i l y  o v e r l o o k e d  by 
an o p e r a t o r .
Sampl ing  P r o b l e m s . The d o t  c o u n t i n g  method was abandoned  
a f t e r  i t  was t e s t e d  a g a i n s t  t h e  s c a n n i n g  t e c h n i q u e s  b e c a u s e  i t  gave
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l e s s  r e p r e s e n t a t i v e  r e s u l t s .  O p e r a t o r s  would  o b t a i n  h i g h e r  c o u n t s  o f  
o r g a n i s m s  w i t h  t h e  s c a n n i n g  t e c h n i q u e  w hich  wou ld  r e d u c e  t h e  c h a n c e  o f  
t h e i r  o v e r l o o k i n g  p o p u l a t i o n s .  The s c a n n i n g  method a l s o  e l i m i n a t e s  
some o f  t h e  b i a s  a g a i n s t  m o t i l e  and  s o l i t a r y  s p e c i e s .  A n o t h e r  a d v a n ­
t a g e  o f  t h e  s c a n n i n g  t e c h n i q u e  i s  i t s  r a p i d  t u r n o v e r  t i m e ;  moving t h e  
f i e l d  a c r o s s  t h e  s l i d e  i s  m a n u a l l y  e a s i e r  t o  do t h a n  d i a l i n g  i n  s p e c i ­
f i c  s l i d e  l o c a t i o n s .
As S t o u t  ( 1 9 8 0 )  o b s e r v e d ,  d e v e l o p m e n t  o f  a c c u r a t e  e n u m e r a t i o n  
t e c h n i q u e s  f o r  p r o t o z o a  i s  v e r y  d i f f i c u l t .  E x c l u s i v e  s a m p l i n g  o f  t h e  
b i o f i l m  s u r f a c e ,  w here  t h e  m a j o r i t y  o f  t h e  p r o t o z o a  and m e ta z o a  a r e  
l o c a t e d ,  i s  a l m o s t  i m p o s s i b l e .  M e a s u r in g  b io m a s s  volume and u s i n g  
d i l u t i o n  f a c t o r s  p r o b a b l y  d o e s  n o t  s o l v e  th~  p ro b le m  e i t h e r .  To d a t e  
t h e  p ro b le m  o f  t a k i n g  a r e p r e s e n t a t i v e  s am p le  w i t h  an e a s y  t e c h n i q u e  
has  n o t  b een  ove rcom e .  F u t u r e  r e s e a r c h  m us t  be c o n d u c t e d  i n  t h i s  a r e a  
so t h a t  b e t t e r  c o m p a r i s o n s  may be made be tw ee n  d a t a  from d i f f e r e n t  
t i m e s  and l o c a t i o n s .
The d i s t r i b u t i o n  o f  p r o t o z o a n  and m e tazo a n  c o m m u n i t i e s  o v e r  
t h e  s u r f a c e  o f  a d i s k  a p p e a r s  t o  be t h e  same a s  l o n g  as  t h e  s u r f a c e  i s  
w e t t e d  ( S e a b r o o k  D is k  V a r i a b i l i t y  S t u d y ) ,  s u g g e s t i n g  t h a t  r o t a t i o n a l  
s p e e d  may n o t  g r e a t l y  a f f e c t  t h e  s u r f a c e  e u k a r y o t i c  c o m m u n i t i e s .
Though s a m p l i n g  s i t e s  s h o u l d  be c h o s e n  i n  a u n i f o r m  p a t t e r n  t o  m a i n t a i n  
r e g u l a r i t y ,  i t  p r o b a b l y  w i l l  n o t  make a d i f f e r e n c e  w here  t h e  o p e r a t o r  
sam p le s  on t h e  e x p o s e d  s u r f a c e  o f  t h e  d i s k .  A s i m i l a r  c l a i m  can  n o t  
be made a b o u t  c o m m u n i t i e s  i n  t h e  i n t e r s t i c e s  o f  an o n - l i n e  RBC b e c a u s e  
t h e y  have n e v e r  been  exam in ed .  For  t h e  p u r p o s e  o f  o p e r a t o r  s a m p l i n g ,  
s uch  a p r a c t i c e  would  be i m p r a c t i c a l  anyway b e c a u s e  o f  t h e  i n a c c e s s i ­
b i l i t y  o f  i n t e r n a l  b i o f i l m s .
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P r o p o s e d  S t a t e g y  f o r  P r e d i c t i n g  E f f l u e n t  Q u a l i t y . By ex am in ­
i n g  t h e  b i o f i l m s  o f  t h e  f i v e  o n - l i n e  RBC t r e a t m e n t  p l a n t s ,  d a t a  was 
g a t h e r e d  t o  c o n s t r u c t  a p r o p o s e d  s t r a t e g y  f o r  p r e d i c t i n g  e f f l u e n t  BOD 
and s y s t e m  " h e a l t h " .  ROLR v a l u e s  were  n o t  a v a i l a b l e ,  so a l l  communi­
t i e s  were  com pared  w i t h  e f f l u e n t  BOD^ c o n c e n t r a t i o n s  w hich  were  m e a su re d  
by t h e  o p e r a t o r s .
The E l l s w o r t h ,  Maine p l a n t  was i n i t i a l l y  exam ined  t o  d e t e r m i n e  
t h e  d e g r e e  o f  d a i l y  v a r i a b i l i t y  i n  t h e  p r o t o z o a n  and  m e ta z o a n  communi­
t i e s .  U n f o r t u n a t e l y ,  t h e  p l a n t  s u f f e r e d  an u p s e t  a p p r o x i m a t e l y  s i x  
h o u r s  b e f o r e  e x a m i n a t i o n s  began  when v e r y  s t r o n g  a n a e r o b i c  d i g e s t o r  
s u p e r n a t a n t  was pumped i n t o  t h e  head  end o f  t h e  RBCs. As a r e s u l t ,  no 
i n f o r m a t i o n  was o b t a i n e d  t o  a s s e s s  t h e  d e g r e e  o f  .normal o n - l i n e  v a r i a b i l ­
i t y .
The g r a d i e n t  t h r o u g h  t h e  RBCs by co m p a r tm e n t  i n  t h e  o n - l i n e  
p l a n t s  ( F i g u r e  52 t h r o u g h  59) g e n e r a l l y  showed an i n c r e a s e  i n  t h e  
number o f  s p e c i e s  and t o t a l  numbers o f  i n d i v i d u a l s  p r e s e n t .  The 
c o m m u n i t i e s  w ere  more a d v a n c e d  t h a n  t h o s e  o f  t h e  W.R.C. s t u d i e s ,  
p r o b a b l y  b e c a u s e  t h e  p l a n t s  had been  o p e r a t i n g  f o r  a l o n g e r  t i m e  
p e r i o d  a t  a  g i v e n  ROLR. Nematodes and O p e r c u l a r i a  t e n d e d  t o  d e c r e a s e  
i n  t h e  l a t t e r  s t a g e s  and w ere  r e p l a c e d  by g i a n t  amoebae ,  E p i s t y l i s , 
and r o t i f e r s .  T h i s  g r a d i e n t  i s  l o g i c a l  i n  l i g h t  o f  t h e  e a r l i e r  d i s ­
c u s s i o n  on c o m p e t i t i o n  among f e e d i n g  t y p e s  f o r  t h e  d e c r e a s i n g  s u p p l y  
o f  f r e e  b a c t e r i a .  C a r n i v o r o u s  s p e c i e s  a p p e a r e d  i n  m os t  c o m p a r tm e n t s  
w here  s t a l k e d  p e r i t r i c h s  o c c u r r e d ;  how ever ,  t h e y  n e v e r  a p p e a r e d  in  
h ig h  numbers .  T h i s  e f f e c t  i s  a t t r i b u t e d  t o  t h e  l i m i t e d  s u p p l y  o f  
c i l i a t e  p r e y  ( i . e .  t h e  p y ra m id  o f  b i o f i l m  o r g a n i s m s  e f f e c t ) .  C r a w l i n g
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s p e c i e s  a p p e a r e d  i n  low n um be rs ,  p r o b a b l y  b e c a u s e  o f  c o m p e t i t i o n  w i t h  
s t a l k e d  fo rms  and b e c a u s e  o f  w a s h o u t  p r o b le m s .  E x c e p t  f o r  c o n d i t i o n s  
where  p u l s e s  o f  a n a e r o b i c  d i g e s t o r  s u p e r n a t a n t  and t h u s  h ig h  b a c t e r i a l  
d e n s i t i e s  w ere  pumped i n t o  t h e  RBCs, Tachysom a, t h e  f r e e - s w im m in g  
s p i r o t r i c h ,  a p p e a r e d  u n a b l e  t o  com pe te  w i t h  t h e  more e f f i c i e n t  f i l t e r -  
f e e d e r s ,  E p i s t y ! i s  and  r o t i f e r s .  P o d ap h ry a  w as ,  as  i n  t h e  W.R.C. 
s t u d i e s ,  o n l y  s e e n  i n  a few e x a m i n a t i o n s ,  s u g g e s t i n g  t h a t  f i x e d  f i l m  
e x i s t e n c e  does  n o t  p r o v i d e  a d e q u a t e  o p p o r t u n i t i e s  f o r  c o n t a c t i n g  p r e y .
The p r o p o s e d  s t r a t e g y  s i m i l a r  t o  t h e  one s u g g e s t e d  i n  T a b l e  37 
may be u sed  f o r  p r e d i c t i n g  e f f l u e n t  q u a l i t y .  The s t r a t e g y  shown in  
T a b l e  37 i s  b a s e d  on t h e  d a t a  c o l l e c t e d  from t e n  e x a m i n a t i o n s  o f  t h e  
t e r m i n a l  c o m p ar tm e n t  b i o f i l m s  o f  t h e  f i v e  o n - l i n e  p l a n t s .  Only  t h e  
E l l s w o r t h  p l a n t  p r o d u c e d  e f f l u e n t  q u a l i t y  w hich  e x c e e d e d  i t s  30 mg 
B O D ^ / l i t e r  and 30 mg S . S . / I i t e r  d i s c h a r g e  s t a n d a r d s .  I t  i s  e x p e c t e d  
t h a t  t h e  key o r g a n i s m s  f o r  t h e  f i n a l  s t r a t e g y  ( t o  be d e v e l o p e d  as  a
r e s u l t  o f  f u t u r e  r e s e a r c h )  w i l l  be E p i s t y l i s , g i a n t  am oebae ,  r o t i f e r s ,
and  Uronema. The f i n a l  numbers  u s e d ,  how eve r ,  may d i f f e r  from t h o s e  
shown.
A c c o r d in g  t o  t h e  s t r a t e g y  shown i f  an o p e r a t o r  w ere  t o  s c a n  
t h r e e  20  p i  w e t  mount s l i d e s  o f  t h e  l a s t  co m p a r tm e n t  b i o f i l m  he would  
p r e d i c t  t h a t  h i s  e f f l u e n t  q u a l i t y  was:
a )  c o n s i s t e n t l y  >30 mg B O D ^ / l i t e r  i f  l e s s  t h a n  30 
g i a n t  amoebae ,  10 r o t i f e r s ,  and  60 E p i s t y l i s  
z o o i d s  w ere  c o u n t e d .
b)  >30 mg B O D ^ / l i t e r  ( a s  a r e s u l t  o f  a p e r t u r b a ­
t i o n )  i f  t h e  c o n d i t i o n s  l i s t e d  i n  ( a )  a p p l i e d
and  o r  i f  more t h a n  10 Uronema were  c o u n t e d .
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Table 37
D evelopment o f  P r e d i c t i o n  S t r a t e g y  f o r  E f f l u e n t  
BODg Using  P r o t o z o a
Gi ant  A m o e b a e
> 3 0
R o t i f e r s
> 1 0




B O D g <  30m g-|1 BOD5 > 30  mg- 11
6 /6  3 1 / 4
5 / 6 0 / 4
6 /6 0 / 4
0 / 6 4 / 4
a -  T h i s  s t r a t e g y  was d e v e l o p e d  from t e n  s e p a r a t e  o b s e r v a t i o n s  o f
o p e r a t i n g  f u l l - s c a l e  RBCs. Of t h e s e ,  s i x  o b s e r v a t i o n s  w ere  made on 
l a s t  com par tm en t  b i o f i l m s  in  p l a n t s  where  e f f l u e n t  BODs was l e s s  
t h a n  30 mg/1 and f o u r  were  made where e f f l u e n t  BODs was g r e a t e r  t h a n  
30 m g/1 .  The n u m e r a t o r  o f  t h e  f r a c t i o n  in  eac h  box d e n o t e s  t h e  
number o f  c a s e s  where  g i a n t  amoebae ,  r o t i f e r s ,  E p i s t y l i s , and Uronema 
were  s e e n  in  g r e a t e r  t h a n  3 0 ,  10 ,  60 ,  and 10 i n d i v i d u a l s ,  r e s p e c t i v e l y .  
The d e n o m i n a t o r  i n d i c a t e s  t h e  t o t a l  number o f  o b s e r v a t i o n s  made w i t h i n  
t h e  g iv e n  BOD5 r a n g e .
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c )  <30 mg B O D ^ / l i t e r  i f  more t h a n  30 g i a n t  amoe­
b a e ,  10 r o t i f e r s ,  and 60 E p i s t y l i s  z o o i d s  were 
c o u n t e d .
T h i s  p r o p o s e d  method f o r  RBCs i s  more u s e f u l  and s p e c i f i c  t h a n  
t h o s e  d e v e l o p e d  by Hoag e t  a l . ( 1 9 8 0 ) ,  K r e l l  ( 1 9 8 0 ) ,  and Sudo e t  a l . 
( 1 9 7 9 ) .  As compared w i t h  t h e i r  s y s t e m s ,  t h i s  s y s tem  i s  ( i )  e a s i e r  f o r  
t h e  n o n - e x p e r t  t o  use  a s  i t  i s  b a s e d  on o n ly  f o u r  t y p e s  o f  e a s i l y  
i d e n t i f i e d  o r g a n i s m s ,  ( i i )  more a c c u r a t e  a t  p r e d i c t i n g  s p e c i f i c  e f ­
f l u e n t  q u a l i t y  r a t h e r  t h a n  j u s t  s u b j e c t i v e  d e t e r m i n a t i o n  o f  "good" and 
"bad" e f f l u e n t ,  and ( i i i )  more f l e a s i b l e  f o r  an overw orked  and u n d e r ­
p a i d  o p e r a t o r  t o  c o n d u c t .  No m a t h e m a t i c a l  c o m p u t a t i o n s  a r e  r e q u i r e d  
and o n ly  a minimal number o f  s l i d e s  must  be exam ined .  I t  i s  e s t i m a t e d  
t h a t  t h e  e n t i r  p r o c e d u r e  would  t a k e  20-30  min p e r  day  t o  p e r fo rm .  A 
s h o r t  ( 1 - 3  day )  t r a i n i n g  c o u r s e  and manual c o u l d  e a s i l y  be d e v e l o p e d  
t o  e q u i p  o p e r a t o r s  w i t h  t h e  b a s i c  s k i l l s  needed  t o  e x e c u t e  t h e s e  
p r o c e d u r e s .
The p r o p o s e d  s t r a t e g y  i n t e r f a c e s  w e l l  w i t h  t h e  f e e d i n g  s t r a t e ­
g i e s  d i s c u s s e d  e a r l i e r .  Uronema1s im p o r t a n c e  a s  an i n d i c a t o r  o f  
p e r t u r b a t i o n s  i s  a l s o  p l a u s i b l e .  As m e n t io n e d  e a r l i e r ,  Uronema has  an 
e x t r e m e l y  r a p i d  g e n e r a t i o n  t i m e  ( 2 . 5  h u n d e r  o p t i m a l  c o n d i t i o n s ) ,  one 
w hich  r i v a l s  t h o s e  o f  b a c t e r i a  ( F e n c h e l ,  1968b) .  In  a d d i t i o n ,  i t  i s  
known as  an e a r l y  c o l o n i z e r  d u r i n g  m a r in e  s u c c e s s i o n a l  d e c o m p o s i t i o n .  
I t s  a b i l i t y  t o  i n c r e a s e  i t s  p o p u l a t i o n  s i z e  r a p i d l y  i n d i c a t e s  t h a t  i t  
i s  an o p p o r t u n i s t  " e x t r a o r d i n a i r e " .  W i th in  a v e r y  s h o r t  t im e  p e r i o d ,  
once  p e r t u r b a t i o n s  o c c u r ,  i t s  p o p u l a t i o n s  in  t h e  b i o f i l m  can become 
p re d o m i n a n t .  The o t h e r  o rg a n i s m s  n o r m a l ly  a s s s o c i a t e d  w i t h  t h e
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advanced  s t a g e s  o f  t r e a t m e n t  become s l u g g i s h  and d i e  o f f  r a p i d l y .  
H am i l ton  (1971 )  e n c o u r a g e d  t h e  use  o f  p r o t o z o a  a s  i n d i c a t o r  o rg a n i s m s  
b e c a u s e  o f  t h e i r  r a p i d  r e s p o n s e  t o  sudden c h a n g e s  i n  t h e  e n v i ro n m e n t .
O p e r a t o r s  r o u t i n e l y  p e r f o r m i n g  t h i s  p r o c e d u r e  c o u l d  a l s o  
become f a m i l i a r  enough w i t h  t h e i r  p a r t i c u l a r  b i o f i l m  t o  n o t e  ch an g e s  
i n  t h e  a c t i v i t y  o f  t h e  key o r g a n i s m s .  Such s u b t l e  ch a n g e s  may be 
u s e f u l  i n  p r e d i c t i n g  d e t e r i o r a t i o n  in  t h e  s y s t e m ' s  " h e a l t h " .
O v e r a l l ,  t h e  p r o p o s e d  scheme i s  f a s t  (—2 0-30  min) and s im p l e  
b e c a u s e  i t  i s  b a s e d  on o n l y  f o u r  e a s y  t o  i d e n t i f y  t y p e s  o f  o r g a n i s m s .  
I t  can  be used  t o  p r e d i c t  e f f l u e n t '  q u a l i t y  and s y s t e m  " h e a l t h "  and may 
a l l o w  some t r o u b l e s h o o t i n g  o f  RBC p ro b le m s .  F u r t h e r  s t u d i e s  a r e  
needed  t o  t e s t  t h e  s t r a t e g y  in  o t h e r  p l a n t s ,  t o  d e t e r m i n e  t h e  a c t u a l  
numbers o f  E p i s t y ! i s , g i a n t  am oebae ,  r o t i f e r s ,  and Uronema t o  be u s e d ,  
and t o  p e r f e c t  t h e  s a m p l in g  t e c h n i q u e s  ( s e e  F u t u r e  R e s e a rc h  s e c t i o n ) .
V. CONCLUSIONS
With t h e  a d v e n t  o f  t h e  Water  P o l l u t i o n  C o n t ro l  A ct  Amendments 
o f  1972 and t h e  e n e r g y  c r i s i s  which soon f o l l o w e d ,  r o t a t i n g  b i o l o g i c a l  
c o n t a c t o r s  (RBCs) became a  p o p u l a r  p r o c e s s  f o r  a c c o m p l i s h i n g  s e c o n d a r y  
t r e a t m e n t  o f  m u n i c i p a l  w a s t e w a t e r .  U n f o r t u n a t e l y ,  l i t t l e  i s  known 
a b o u t  t h e  m i c r o b i a l  c o m m u n i t ie s  which  e f f e c t  t h e  t r e a t m e n t .  In  a d d i ­
t i o n ,  e f f l u e n t  q u a l i t y  i s  n o r m a l l y  d e t e r m i n e d  u s i n g  t h e  BOD t e s t  which  
r e s u l t s  i n  a  f i v e  day l a g  p e r i o d  be tween  d i s c h a r g e  o f  t h e  w a s t e w a t e r  
and c o m p l e t i o n  o f  t h e  a n a l y s i s .  T r o u b l e s h o o t i n g  p o t e n t i a l  p ro b lem s  i s  
d i f f i c u l t  and a d e q u a t e  me thods  f o r  d e t e r m i n i n g  d e t e r i o r a t i n g  c o n d i t i o n s  
i n  t h e  RBCs have n o t  been e s t a b l i s h e d .  The p u r p o s e  o f  t h i s  r e s e a r c h  
was ( i )  t o  i n c r e a s e  o u r  u n d e r s t a n d i n g  o f  t h e  m i c r o b i o l  e c o l o g y  o f  t h e  
RBC b i o f i l m  and ( i i )  t o  d e v e l o p ,  i f  p o s s i b l e ,  a s t r a t e g y  f o r  p r e d i c t i n g  
e f f l u e n t  BOD^ u s i n g  b i o f i l m  p r o t o z o a  and me tazoa .
The m a jo r  r o l e  o f  b a c t e r i a  i n  s e c o n d a r y  t r e a t m e n t  i s  t o  remove 
o r g a n i c  m a t t e r  from t h e  w a s t e  s t r e a m .  A p r o f i l e  o f  t h e  b i o f i l m  b a c t e r i a  
in  each  com par tm en t  can be d e v e l o p e d  a s  a f u n c t i o n  o f  t h e  o r g a n i c  
c a rb o n  a p p l i e d  p e r  u n i t  s u r f a c e  a r e a  o f  b i o f i l m  p e r  u n i t  o f  h y d r a u l i c  
r e t e n t i o n  t i m e  (ROLR, g T0C/m^*RT). At h ig h  ROLRs a s  much as  75 % o f  
a b a c t e r i a l  c e l l  may be f i l l e d  w i t h  i n c l u s i o n s  o f  p o l y - p - h y d r o x y b u -  
t y r a t e  (PHB). S u l f u r  i s  a l s o  p r e s e n t  w i t h i n  some o f  t h e  c e l l s .
F i l a m e n t s  a r e  o f t e n  p r e s e n t .  T h e re  a p p e a r s  t o  be an eq u a l  d i s t r i b u ­
t i o n  be tween  G r a m - p o s i t i v e  and G r a m - n e g a t iv e  b a c t e r i a .  The com bina­
t i o n  o f  t h e s e  f a c t o r s  i n d i c a t e s  t h a t  oxygen may be l i m i t i n g  w i t h i n  t h e  
b i o f i l m .
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As ROLR d e c r e a s e s ,  l e s s  s u l f u r  and PHB a r e  s t o r e d  in  t h e  
b a c t e r i a .  F i l a m e n t s  r e s e m b l i n g  S p h a e r o t i l u s  may a p p e a r .  At v e ry  low 
ROLRs p r o s t h e c a t e - 1 i k e  and n i t r i f y i n g - 1 i k e  b a c t e r i a  abound .  P r o s t h e -  
c a t e s  a r e  u s u a l l y  p r e s e n t  o n ly  i n  c o n d i t i o n s  where v e ry  l i t t l e  o r  v e ry  
complex o r g a n i c  compounds a r e  a v a i l a b l e .  In t h o s e  com par tm en ts  where 
c o m p le te  n i t r i f i c a t i o n  i s  o c c u r r i n g ,  o n l y  one t y p e  o f  n i t r i f y i n g  c e l l  
m orpho logy ,  s i m i l a r  t o  t h a t  o f  N i t ro s o m o n a s  i s  s e e n .  No t y p i c a l  
n i t r i t e - o x i d i z i n g  c e l l s  a r e  o b s e r v e d .  I f  i s  p o s s i b l e  t h a t  i n  n a t u r a l  
e n v i r o n m e n t s ,  w i t h  low c o n c e n t r a t i o n s  o f  ammonia (<60 mg N / l i t e r ) ,  t h e  
c e l l s  a r e  c o n v o l u t e d  and p o s s e s s  e x c e s s  cy tomembranes  in  o r d e r  t o  
s e q u e s t e r  a s  much n i t r o g e n  as  p o s s i b l e .
As i d e a l i z e d  b io g e o c h e m i c a l  p r o f i l e  o f  RBC b i o f i l m s  has  been 
d e v e l o p e d .  In  com par tm en ts  w i t h  h ig h  ROLRs, t h e  o u t e r m o s t  l a y e r  o f  
t h e  b i o f i l m  i s  p r o b a b l y  n o t  o x y g e n - 1 imi t e d  so t h a t  a e r o b i c  r e s p i r a t i o n  
o c c u r s .  In  t h i s  l a y e r  a u t o t r o p h i c  o r  h e t e r o t r o p h i c  n i t r i f i c a t i o n  may 
o c c u r ,  p r o d u c i n g  n i t r a t e  o r  n i t r i t e .  I f  a s o u r c e  o f  H2S i s  a v a i l a b l e  
from w i t h i n  t h e  b i o f i l m ,  a s  a r e s u l t  o f  a n a e r o b i c  s u l f a t e  r e d u c t i o n ,  
s u l f u r  s t o r a g e  may be o b s e r v e d  w i t h i n  t h e  o x y g e n - r i c h  l a y e r .
In  h e a v i l y - l o a d e d  com par tm en ts  t h e  i n n e r  l a y e r s  o f  t h e  b i o f i l m  
w i l l  p r o b a b l y  be a n a e r o b i c .  I f  a s u p p l y  o f  n i t r i t e  o r  n i t r a t e  d i f f u s e s  
down from t h e  o x y g e n - r i c h  l a y e r  ab o v e ,  t h e n  some d e n i t r i f i c a t i o n  may 
o c c u r .  Many o f  t h e  b a c t e r i a  w i l l  s w i t c h  t o  a n a e r o b i c  r e s p i r a t i o n .  
S u l f a t e  r e d u c t i o n  may o c c u r ,  p r o d u c i n g  which may be used  by t h e  
s u r f a c e  b a c t e r i a  t o  form s u l f u r  i n c l u s i o n s .  In  some a n a e r o b i c  c a s e s  
m e th a n o g e n e s i s  may o c c u r .
Most o f  t h e  p r o t o z o a  and me tazoa  i n h a b i t i n g  RBCs p r o b a b l y  l i v e  
on t h e  s u r f a c e  o f  t h e  b i o f i l m .  T h e i r  m a jo r  r o l e  i s  i n  t h e  removal  o f
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f r e e  b a c t e r i a  s u sp e n d e d  i n  t h e  w a s t e w a t e r .  Few a p p e a r  t o  s u r v i v e  in  
t h e  mixed l i q u o r  b e c a u s e  t h e  h y d r a u l i c  r e t e n t i o n  t im e  in  t h e  RBC i s  
s h o r t e r  t h a n  t h e i r  g row th  and r e p r o d u c t i v e  r a t e s .  From s t a r t - u p ,  a 
d i s t i n c t  s u c c e s s i o n  o f  p r o t o z o a  and metazoa  o c c u r s  w i t h i n  t h e  RBC. 
F i r s t ,  f l a g e l l a t e s  and s m a l l  amoebae a p p e a r ,  f o l l o w e d  by b a c t e r i o v o r -  
o u s ,  f r e e - s w im m in g  c i l i a t e s .  S t a l k e d  p e r i t r i c h s  and f i n a l l y  r o t i f e r s ,  
g i a n t  amoebae and c a r n i v o r o u s  c i l i a t e s  a p p e a r .  In  an RBC a t  " s t e a d y  
s t a t e " ,  t h e  p r o t o z o a  and m e tazoa  p r e s e n t  a p p e a r  t o  be a f u n c t i o n  o f  
t h e  f r e e  b a c t e r i a l  d e n s i t i e s .  As b a c t e r i a l  d e n s i t i e s  d e c r e a s e  from 
one com par tm en t  t o  t h e  n e x t ,  t h e  p r o f i l e s  o f  p r o t o z o a  and me tazoa  a r e  
s i m i l a r  t o  t h o s e  s e e n  d u r i n g  s u c c e s s i o n .  The o n ly  m a jo r  d i f f e r e n c e  i s  
w i t h  t h e  s t a l k e d  c i l i a t e s .  O p e r c u l a r i a  a p p e a r s  i n  e a r l i e r  com par tm en ts  
and E p i s t . y l i s  i n  l a t e r  o n e s .  Uronama p o p u l a t i o n s  i n c r e a s e  d r a m a t i c a l l y  
when an o r g a n i c  o v e r l o a d  i s  imposed on a s t a b l e  RBC.
A t h e o r y  e x p l a i n i n g  t h e  s u c c e s s i o n / p r o f i l e  o f  p r o t o z o a  and 
me tazoa  i n  RBCs has  been  d e v e l o p e d .  The g e n e r a l  t y p e  o f  o rg an is m  
p r e s e n t  i s  b e l i e v e d  t o  be a f u n c t i o n  o f  t h e  f r e e  b a c t e r i a l  d e n s i t y  in  
t h e  mixed l i q u o r  and t h e  f e e d i n g  e f f i c i e n c y / e n e r g e t i c s  o f  t h e  o r g a n ­
i sms .  When b a c t e r i a l  d e n s i t i e s  a r e  h i g h ,  t h e  swimming p r o t o z a  ( f l a g e l ­
l a t e s  and b a c t e r i o v o r o u s  c i l i a t e s )  abound.  As t h e  b a c t e r i a l  d e n s i t y  
d e c r e a s e s  t h e  s t a l k e d  c i l i a t e s  become p r e d o m i n a n t  b e c a u s e  t h e y  a r  ( i )  
more e f f i c i e n t  a t  f i l t e r i n g  food  o u t  o f  w a t e r ,  and ( i i )  expend no 
e n e r g y  swimming a f t e r  t h e  p r e y .  E p i s t y l i s  and t h e  o t h e r  p e r i t r i c h s  
w i t h  l a r g e  p e r i s t o m a l  d i s k s  can  p r o b a b l y  o u t - c o m p e te  O p e r c u l a r i a - l i k e  
p e r i t r i c h s  a t  low b a c t e r i a l  d e n s i t i e s .  The l a r g e  p e r i s t o m a l  d i s k  
e n a b l e s  E p i s t y l i s - l i k e  p e r i t r i c h s  t o  f i l t e r  more w a t e r  p e r  u n i t  t im e .  
The same e f f e c t  i s  t r u e  f o r  r o t i f e r s  which p o s s e s s  a m a s s iv e  c o r o n a  o f
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c i l i a  c a p a b l e  o f  g e n e r a t i n g  t r em en d o u s  w a t e r  c u r r e n t s .  C a r n i v o r o u s  
p r o t o z o a ,  l i k e  t h e  A m p h i l e p t i d a e  and g i a n t  amoebae,  a p p e a r  l a t e  in  
s u c c e s s i o n  and a t  low b a c t e r i a l  d e n s i t i e s  b e c a u s e  t h e  m a j o r i t y  o f  
t h e i r  p r e y  ( i . e .  s t a l k e d  c i l i a t e s )  a r e  p r e s e n t  in  h ig h  numbers d u r i n g  
t h e s e  c o n d i t i o n s .
A s t r a t e g y  t o  p r e d i c t  e f f l u e n t  q u a l i t y  has been  d e v e l o p e d ,  
b a s ed  on t h e  t y p e s  and numbers o f  p r o t o z o a  and m e tazoa  p r e s e n t  i n  t h e  
l a s t  com par tm en t  b i o f i l m  o f  o n - l i n e  RBCs. The s t r a t e g y  i s  b a s e d  on 
Uronema, E p i s t y l i s ,  g i a n t  amoebae,  and  r o t i f e r s .  I f  h ig h  numbers o f  
E p i s t y l i s , g i a n t  amoebae,  and r o t i f e r s  a r e  o b s e r v e d ,  e f f l u e n t  q u a l i t y  
i s  p r o b a b l y  below 30 mg B O D ^ / l i t e r .  I f  a l a r g e  number o f  Uronema a r e  
p r e s e n t ,  a p e r t u r b a t i o n  may be o c c u r r i n g  c a u s i n g  t h e  BOD^ t o  be g r e a t e r  
t h a n  30 mg/ l i t e r .  I f  n e i t h e r  o f  t h e s e  c o n d i t i o n s  i s  o b s e r v e d  t h e  
e f f l u e n t  BOD^ i s  p r o b a b l y  g r e a t e r  t h a n  30 m g / l i t e r  most  o f  t h e  t im e .
T h i s  s t r a t e g y  i s  e a s y  f o r  t h e  RBC t r e a t m e n t  p l a n t  o p e r a t o r  t o  
l e a r n  and p e r f o r m  and i s  f a s t ,  r e q u i r i n g  o n ly  20 t o  30 min t o  c o m p le t e .  
T h e r e f o r e ,  t h e  o p e r a t o r  can  know im m e d i a t e l y  t h e  e f f l u e n t  q u a l i t y ,  
r a t h e r  t h a n  h av in g  t o  w a i t  f i v e  days  f o r  t h e  r e s u l t s  o f  a BOD^ t e s t .
The use  o f  t h e s e  t y p e s  o f  o rg a n i s m s  i n  p r e d i c t i n g  e f f l u e n t  q u a l i t y  
i n t e r f a c e s  w e l l  w i t h  t h e  t h e o r y  o f  p r o t o z o a n  and m e tazoan  s u c c e s s i o n .  
E p i s t y l i s , g i a n t  amoebae,  and r o t i f i e r s  a l l  a p p e a r  when f r e e  b a c t e r i a l  
d e n s i t i e s  and o r g a n i c  c a rb o n  c o n c e n t r a t i o n s  a r e  low. Uronema, w i t h  an 
optimum g e n e r a t i o n  t i m e  o f  2 . 5  h,  i s  known t o  be a p r i m a r y  i n v a d e r  in  
a r e a s  o f  r e c e n t  p o l l u t i o n .
VI. FUTURE RESEARCH
T h i s  r e s e a c h  has  e x p l a i n e d  some a s p e c t s  o f  t h e  complex  m i c r o ­
b i a l  e c o l o g y  o f  RBC b i o f i l m s ,  b u t  has  c r e a t e d  new q u e s t i o n s  which  need 
t o  be an sw ered .  Because  RBCs a p p e a r  t o  have s e v e r a l  a d v a n t a g e s  a s  a 
s e c o n d a r y  w a s t e w a t e r  t r e a t m e n t  p r o c e s s ,  i t  w i l l  be i m p o r t a n t  t o  answ er  
t h e s e  new q u e s t i o n s  c o n c e r n i n g  t h e i r  m i c r o b i a l  e c o l o g y .
B a c t e r i a
The b a c t e r i a  g row ing  i n  t h e  b i o f i l m  s h o u l d  be i d e n t i f i e d  by 
t r a d i t i o n a l  i s o l a t i o n  and c u l t u r e  t e c h n i q u e s .  S t o r a g e  s u b s t a n c e s ,  
l i k e  PHB and s u l f u r ,  need t o  be examined by s t a i n i n g  p r o c e d u r e s .  The 
i n  s i t u  c e l l u l a r  m o r p h o l o g ie s  o f  t h e  b a c t e r i a  s h o u l d  a l s o  be examined .  
The v a r i o u s  k in d s  o f  f i l a m e n t s  need t o  be i d e n t i f i e d  and t h e i r  r o l e  in  
t h e  f i l m  d e t e r m i n e d .  I f  p r o p e r  s t a i n i n g  t e c h n i q u e s  a r e  d e v e l o p e d ,  
b a c t e r i a l  i n c l u s i o n s  m ig h t  be u sed  as  p o s s i b l e  i n d i c a t o r s  o f  o v e r l o a d ­
in g .  For  exam ple ,  s u l f u r  i n c l u s i o n s  m ig h t  be u sed  t o  i n d i c a t e  H£S 
p r o d u c t i o n  and a n a e r o b i o s i s ,  and t h e r e f o r e  e x c e s s i v e  o r g a n i c  l o a d i n g .  
S t u d i e s  must  be expanded  t o  i n c l u d e  t h e  mixed l i q u o r  b a c t e r i a .  In  
t h e s e  s t u d i e s ,  t h e  b i o f i l m s  examined  f o r  b a c t e r i a  were  o b t a i n e d  from a 
p i l o t - s c a l e  u n i t .  F u r t h e r  work needs  t o  be p e r fo rm e d  on f u l l - s c a l e  
RBCs. In  a d d i t i o n ,  t h e  b i o f i l m  grow ing  i n  t h e  i n t e r s t i c e s  o f  t h e  
expanded  p o l y s t y r e n e  media  must  be exam ined .
The b io g e o c h e m i c a l  s u c c e s s i o n  d e v e l o p e d  f o r  t h e  v a r i o u s  RBC 
b i o f i l m s  must  be t e s t e d .  Not o n ly  must  t h e  b a c t e r i a  be i d e n t i f i e d ,  
b u t  t h e  p r o f i l e s  o f  i m p o r t a n t  and p o s s i b l e  r a t e - l i m i t i n g  n u t r i e n t s
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must be d e t e r m i n e d .  Oxygen and o r g a n i c  c a rb o n  p r o f i l e s  s h o u l d  be
measu red  w i t h i n  t h e  b i o f i l m s  a s  a f u n c t i o n  o f  v a r y i n g  h y d r a u l i c  and
o r g a n i c  l o a d i n g  r a t e s  and r o t a t i o n a l  s p e e d s .  These  d a t a  may be
14o b t a i n e d  from oxygen  m i c r o e l e c t r o d e  and C r a d i o t r a c e r  s t u d i e s .  Mass 
b a l a n c e s  on c a r b o n ,  oxygen ,  and n i t r o g e n  s h o u l d  be c a l c u l a t e d  f o r  RBCs 
o p e r a t i n g  a t  v a r i o u s  c o n d i t i o n s .  ( N i t r o g e n  d a t a  may be d i f f i c u l t  t o  
d e t e r m i n e  as  mass s p e c t r o m e t r y  a n a l y s e s  a r e  r e q u i r e d . )  By r e l a t i n g  t h e  
c hem ica l  p a r a m e t e r s  and p r o f i l e s  t o  t h e  s p e c i e s  p r e s e n t  a more c o m p le te  
p i c t u r e  o f  t h e  m i c r o b i a l  e c o l o g y  o f  t h e  b i o f i l m  and i t s  s u c c e s s i o n  may 
be d e v e l o p e d .
P r o t o z o a  and Metazoa
The p r e d i c t a t i v e  s t r a t e g y  d e v e l o p e d  in  t h i s  r e s e a r c h  needs  t o  
be t e s t e d  a t  o t h e r  f u l l - s c a l e  RBC f a c i l i t i e s  t o  e s t a b l i s h  i t s  v a l i d i t y .  
In  a c c o r d a n c e  w i t h  t h i s  t h e  t e c h n i q u e s  f o r  s a m p l in g  and e n u m e r a t i o n  o f  
t h e  o rg a n i s m s  must  be im proved .  When t h e  s t r a t e g y  i s  p e r f e c t e d  a 
manual and t r a i n i n g  c o u r s e  f o r  o p e r a t o r s  must  be d e v e l o p e d .  Some 
a r e a s  o f  b a s i c  r e s e a r c h  a l s o  need  t o  be e x p l o r e d  t o  d e t e r m i n e  ( i )  t h e  
f e e d i n g  p r e f e r e n c e s  o f  b a c t e r i o v o r o u s  and c a r n i v o r o u s  c i l i a t e s ,  ( i i )  
t h e  d a i l y  v a r i a t i o n  i n  p o p u l a t i o n  and community s t r u c t u r e ,  and ( i i i )  
t h e  l i f e  c y c l e s  o f  v a r i o u s  p r o t o z o a  such  as  P y x i d i e l l a  and O p e r c u l a r i a . 
The v a r i a t i o n  o f  p o p u l a t i o n s  and c o m m uni t ie s  on b o th  t h e  o u t s i d e  and 
i n s i d e  o f  t h e  o n - l i n e  RBCs s h o u l d  be s t u d i e d  w i t h  r e s p e c t  t o  v a r y i n g  
h y d r a u l i c  l o a d i n g  r a t e s  and r o t a t i o n a l  s p e e d s .  The f e e d i n g  e f f i c i e n c y  
and e n e r g e t i c  r e l a t i o n s h i p s  o f  t h e  p r o t o z o a  and m e tazo a  s h o u l d  be 
examined and m o d e l l e d  so t h a t  t h e y  may be compared w i t h  t h e  t h e o r y  o f  
s u c c e s s i o n  d e v e l o p e d  in  t h i s  r e s e a r c h .
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Appendix  I 
Taxonomy o f  t h e  P r o t o z o a *
Kingdom Ani ma l i a
Subkingdom P r o t o z o a
Phylum P r o t o z o a
Subphylum S a r c o m a s t i g o p h o r a
S u p e r c l a s s  M a s t i g o p h o r e a
C l a s s  P h y t o m a s t i g o p h o r e a  
C l a s s  Z o om a s t i g o p h o r ea
S u p e r c l a s s  S a r c o d i n a
C l a s s  Rhizopodea  
C l a s s  A c t i no p o d e a  
C l a s s  P i r o p l a s m e a
Subphylum Sporozoa
Subphylum Cn i dos po r a
Subphylum C i l i o p h o r a
C l a s s  K i n e t o f r a g m i n o p h o r a
S u b c l a s s  Gymnostomata 
S u b c l a s s  V e s t i b u l i f e r a  
S u b c l a s s  Hypos tomata  
S u b c l a s s  S u c t o r i a
C l a s s  0 1 igohymenophora
S u b c l a s s  Hymenostomata 
S u b c l a s s  P e r i t r i c h a
C l a s s  Polyhymenophora
S u b c l a s s  S p i r o t r i c h a
* The c l a s s i f i c a t i o n  o f  t h e  p r o t o z o a  i s  c o n t r o v e r s i a l .  
These  schemes a r e  t a k e n  f rom B a r n e s ,  1974;  and C o r l i s s ,  
1977 and  1979.
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Appendix  I I  
G l o s s a r y  o f  B i o l o g i c a l  Terms*
Adora l  Zone o f  Me mbr ane l l e s  (AZM) -  membranes composed o f  a few p a r a l ­
l e l  rows o f  c i l i a  which  a d h e r e  t o g e t h e r  and b e a t  as  a u n i t ,  
d i r e c t e d  t o w ar d s  t h e  mouth.
Amoebae -  p r o t o z o a ,  u s u a l l y  o f  t h e  o r d e r  Amoebidae,  which  have no 
p e r ma n e n t  o r g a n e l l e s  o f  l o c o m o t i o n  and l a c k  a f i x e d  body shape .  
P s e u d o p o d i a  used  f o r  l o c o m o t i on  and food  c a p t u r e .
A n e l i d  -  o r g an i s ms  o f  t h e  Phylum A n n e l i d a ;  s egmen t ed  worms.
A u t o t r o p h  -  o r ga n i s m c a p a b l e  o f  m a n u f a c t u r i n g  o r g a n i c  n u t r i e n t s  f rom 
i n o r g a n i c  c a r b o n ,  u s u a l l y  f rom CC^.
B a c t e r i a  -  u n i c e l l u l a r  m i c r o o r g a n i s m s  l a c k i n g  a d i s t i n c t  n u c l e u s  which 
can e x i s t  i n  a wide  v a r i e t y  o f  f orms .
B a c t e r i o p h a g e  -  a v i r u s  whose h o s t  i s  a b a c t e r i u m .
B a c t e r i o v o r e  -  o r g a n i s m  which  e a t s  b a c t e r i a .
B r i s t l e w o r m s  -  l a r g e  s egment ed  worms,  u s u a l l y  a q u a t i c ,  b e l o n g i n g  t o  
t h e  C l a s s  O l i g o c h a e t a .  S e t a e ,  l ong  h a i r - l i k e  s t r u c t u r e s ,  a r e  
p r e s e n t  on e ac h  segment .
C a r n i v o r e  -  an o r g an i s m which  e a t s  a n i m a l s .
C i l i a  -  f i n e  t h r e a d s  o f  cy t ophasm p r o j e c t i n g  f rom t h e  c e l l  s u r f a c e .  
U s u a l l y  o c c u r  i n  g r o up s .
C i l i a t e s  -  s i n g l e - c e l l e d  p r o t o z o a  which b e a r  c i l i a  d u r i n g  a t  l e a s t  one 
s t a g e  o f  t h e i r  l i f e  c y c l e .
C i r r i  -  t h i c k  c y t o p l a s m i c  p r o j e c t i o n s  composed o f  a number o f  c i l i a  
bound t o g e t h e r .
Community -  an e c o l o g i c a l  t e r m  meaning  a u n i t  composed o f  a l l  t h e  
p o p u l a t i o n s  l i v i n g  i n  a g i v e n  a r e a .
2
COLR -  g TOC a p p l i e d / m  comp a r tme n t a l  s u r f a c e  a r e a  • day.
Eu ka r yo t e  -  an o r ga n i s m which  has  a c e l l  o r  c e l l s  c o n t a i n i n g  a d i s ­
t i n c t  membrane-bound n u c l e u s .
F l a g e l l a t e s  -  a p r o t o z o a  b e a r i n g  one o r  more f l a g e l l a ,  a l ong  whip ­
l i k e  l o c o mo t o r y  o r g a n e l l e .
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G r a m - n e g a t i v e  b a c t e r i u m  -  t h e  c e l l  i s  s e p a r a t e d  f rom t h e  e n v i r o n m e n t  
by a c e l l  membrane,  a l a y e r  o f  p e p t i d o g l y c a n , and an o u t e r  c e l l  
wal 1.
G r a m - p o s i t i v e  b a c t e r i u m  -  t h e  c e l l  i s  s e p a r a t e d  from t h e  e n v i r o n m e n t  
by a c e l l  membrane and an o u t e r  l a y e r  o f  p e p t i d o g l y c a n .
Gymnostomes -  h o l o t r i c h s  whose mouth opens  d i r e c t l y  t o  t h e  e n v i r o n m e n t  
and l a c k s  o r a l  c i l i a t i o n .
H e t e r o t r o p h  - an o r g an i s m which  c a n n o t  m a n u f a c t u r e  o r g a n i c  compounds 
from i n o r g a n i c  c a r b o n  s o u r c e s ,  b u t  mus t  o b t a i n  them d i r e c t l y  f rom 
t h e  e n v i r o nm e n t .
H o l o t r i c h s  -  c i l i a t e s  w i t h  u n i f o r m body c i l i a t u r e s ;  mouth s t r u c t u r e  
v a r i a b l e ,  b u t  l i t t l e  o r a l  c i l i a t u r e .
Hymenostomes -  h o l o t r i c h s  whose mouth opens  v e n t r a l l y  and has  an 
u n d u l a t i n g  membrane and t h r e e  c i l i a r y  me mb r an e l l e s .
H y p o t r i c h s  -  s p i r o t r i c h s  w i t h  c i r r i  and which  a r e  d o r s o - v e n t r a l l y  
f l a t t e n e d .
Lysosome -  an o r g a n e l l e  i n  which  d i g e s t i v e  enzymes a r e  s t o r e d .
Membrane l !es  -  compound c i l i a r y  o r g a n e l l e s  found on t h e  l e f t  s i d e  o f  
t h e  o r a l  c a v i t y  o r  d e p r e s s i o n .  Al so  may i n c l u d e  an u n d u l a t i n g  
c i l i a r y  o r g a n e l l e  l y i n g  a l o n g  t h e  r i g h t  b o r d e r  o f  t h e  o r a l  c a v i t y .
Mesosomes -  u l t r a s t r u c t u r a l  component s  s e e n  i n  some b a c t e r i a l  c e l l s  
which a p p e a r  t o  be composed o f  a mass o f  membranous m a t e r i a l .  
O r i g i n  and f u n c t i o n  s t i l l  unknown.
Metazoa  -  a l l  members o f  t h e  Kingdom A n i ma l i a  more complex t h a n  one 
c e l l .
Nematodes  -  roundworms,  members o f  t h  Phylum Nematoda,  which  have 
a l m o s t  p e r f e c t l y  c y l i n d r i c a l  b o d i e s  and r a d i a l  a r r a n g e m e n t  o f  
s t r u c t u r e s  a r o u n d  t h e  mouth.
Nomarski  O p t i c s  -  a form o f  m i c r o s co py  which  p r o d u c e s  a t h r e e  dimen­
s i o n a l  image by u s i n g  i n t e r f e r e n c e  o p t i c s .
O r g a n e l l e  -  a s p e c i a l i z e d  p a r t  o f  a c e l l  a n a l o g o u s  t o  an o r g an  i n  
h i g h e r  o r ga n i s ms .
P a r a p o d i a  -  p a i r e d  l a t e r a l  f l a p l i k e  p r o t u b e r a n c e s  on each  segment  o f  
p o l y c h a e t e s .
P e p t i d o g l y c a n  - a s e m i - r i g i d  component  o t h e  b a c t e r i a l  c e l l  wa l l  which 
i s  composed o f  p o l y s a c c h a r i d e  c h a i n s  c r o s s - l i n k e d  by a p e p t i d e  
b r i d g e .
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P e r i s t o m a l  d i s k  - t h e  d i s k  which f i l l s  t h e  o p e n i n g  i n  t h e  p e r i s t o m e  o f  
p e r i t r i c h s .
P e r i s t o m e  -  t h e  a r e a  a r o un d  a c i l i a t e ' s  mouth.
P e r i t r i c h s  -  c i l i a t e s  which  Tack body c i l i a  i n  t h e  a d u l t  s t a g e .  Oral  
c i l i a t u r e  winds  c o u n t e r - c l o c k w i s e ,  body g e n e r a l l y  on s t a l k i
P h a g o c y t o s i s  - t h e  a c t i v e  e n g u l f i n g  o f  p a r t i c l e s  by a c e l l .
Phase  C o n t r a s t  Mi c r os c opy  -  a form o f  m i c r o s co py  which  u se s  two l i g h t  
p a t h s  which  a r e  90° o u t  o f  p h a s e  and c a u s e  t h e  o r ga n i s m viewed t o  
a p p e a r  o f f s e t  f rom t h e  background .
P o l y - p - h y d r o x y b u t y r a t e  -  a po l ymer  composed o f  c h a i n s  o f  t h e  o r g a n i c  
a c i d  p - h y d r o x y b u t y r i c  a c i d ;  PHB a c a r b o n  s t o r a g e  p r o d u c t  i n  
b a c t e r i a .
P o l y c h a e t e  -  a member o f  t h e  C l a s s  P o l y c h a e t a ,  a p e r f e c t l y  s egment ed  
worm, w i t h  each  o f  i t s  s egmen t s  b e i n g  i d e n t i c a l  and p o s s e s s i n g  
p a r a p o d i a .
P o p u l a t i o n  -  an e c o l o g i c a l  t e rm meaning a group o f  i n d i v i d u a l s  a l l  
b e l o n g i n g  t o  t h e  same s p e c i e s .
P r o k a r y o t e  -  a c e l l  which  l a c k s  a d i s t i n c t  membrane-bound n u c l e u s ;  
c o n d i t i o n  found  o n l y  i n  t h e  b a c t e r i a  and b l u e - g r e e n  a l g a e .
P r o s t h e e a t e  B a c t e r i a  -  t h o s e  b a c t e r i a  which  p o s s e s s  p r o s t h e c a e  o r  t h i n  
appendages  o f  t h e  c y t o p l a s m  s u r r o u n d e d  by a  c e l l  membrane/  c e l l  
w a l l  complex.
P r o t o z o a  -  s i n g e l - c e l l e d ,  u s u a l l y  m i c r o s c o p i c ,  a n i m a l s .
P s eu d o p o d i a  - t r a n s i t o r y  c y t o p l a s m i c  p r o t r u s i o n s  o f  amoeboid c e l l s .
Rhizopods  -  p r o t o z o a  which  a r e  o f  t h e  C l a s s  Rh i z opode a ,  and use  t h r e e  
forms o f  p s e u d o p o d i a  f o r  l o c o m o t i o n  and f e e d i n g .
Ribosome -  a c y t o p l a s m i c  o r g a n e l l e  which  f u n c t i o n s  i n  p r o t e i n  s y n t h e ­
s i s .
2
ROLR -  g TOC a p p l i e d / m  compa r t me n t a l  s u r f a c e  a r e a .  R e t e n t i o n  Time.
R o t i f e r s  - a n i m a l s  o f  t h e  Phylum R o t i f e r a  which p o s s e s s  a c o r on a  o f  
c i l i a  n e a r  t h e  mouth.
S a p r o b i c  -  o r g an i s ms  i n h a b i t i n g  o r g a n i c a l l y  p o l l u t e d  a q u a t i c  e n v i r o n ­
me n t s ,  o f t e n  l i v i n g  on dead  o r  d e c a y i n g  m a t e r i a l .
S a r c o d i n a n s  -  p r o t o z o a  o f  t h e  S u p e r c l a s s  S a r c o d i n a ,  which i n  t h e  a d u l t  
s t a g e  p o s s e s s  p s e u d o p o d i a  o r  f l o w i n g  c y t o p l a s m i c  e x t e n s i o n s  used  
i n  c a p t u r i n g  p r e y  o r  i n  l o c o mo t i on .
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S p i r o c h e t e  -  n o n - p h o t o s y n t h e t i c  b a c t e r i u m  w i t h  an a x i a l  f i l a m e n t  which 
c a u s e s  t h e  o r ga n i s m t o  move i n  a  " c o r k - s c r e w 11 f a s h i o n .
S p i r o t r i c h s  -  c i l i a t e s  which have body c i l i a t u r e  which  i s  n o t  u n i ­
f o r ml y  d i s t r i b u t e d  o v e r  t h e  body s u r f a c e ;  u s u a l l y  have  c o n s p i c u ­
ous  a d o r a l  me mb r an e l l e s  which  r o t a t e  c l o c k w i s e .
S u c t o r i a  -  s t a l k e d  c i l i a t e s  whose a d u l t  s t a g e  i s  w i t h o u t  c i l i a  and 
p o s s e s s e s  h o l l ow t e n t a c l e s .
Swarmer -  a f l a g e l l a t e d  c e l l  which  l e a v e s  t h e  p a r e n t  c o l o n y  o r  f i l a ­
ment  t o  r e s e t t l e  e l s e w h e r e .
T e l e o t r o c h  -  f r e e - s wi mmi ng  form o f  a s e s s i l e  p e r i t r i c h .
T e n t a c l e  -  an e x t e n s i o n  o f  t h e  c y t o p l a s m  o f  a s u c t o r i a n ,  u sed  i n  
f e e d i  ng.
TOLR - g TOC a p p l i e d / m ^  RBC s u r f a c e  a r e a  ( t o t a l )  • day.
T r a n s m i s s i o n  E l e c t r o n  Mi c r os c opy  -  a form o f  m i c r o s c o p y  c a p a b l e  o f
h i gh  m a g n i f i c a t i o n  (up  t o  100 , 000  t i m e s ) ,  which r e l i e s  on p a s s i n g  
an a c c e l e r a t e d  beam o f  e l e c t r o n s  t h r o u g h  v e r y  t h i n  (500 A) s p e c i ­
men.
T r i c h o s t o m e s  -  h o l o t r i c h s  w i t h  v e s t i b u l a r  c i l i a  b u t  no me m b ra n e l l e s .
V es t i b u l u m  -  a c i l i a t e d  p a s s a g e  l e a d i n g  t o  t h e  t r u e  mouth.
Zo o g l oe a  -  a mass o f  b a c t e r i a  s u r r o u n d e d  by a m u c o u s - l i k e  s u b s t a n c e  
u s u a l l y  composed o f  e x t r a c e l l u l a r  p o l y s a c c h a r i d e .
Zooid  -  i n d i v i d u a l  c e l l s  o f  which a c o l o n y  i s  composed.
D e f i n i t i o n s  b a s ed  on C u r d s ,  1969;  Cur ds ,  1982b;  S i e b u r t h ,  1979;  
B a r n e s ,  1974;  and Kee t on ,  1972.
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Appendix III
Taxonomic Group i ng  Used i n  t h i s  R e s ea r ch
The t axonomy o f  t h e  p r o t o z o a  and s p e c i f i c a l l y  t h e  c i l i a t e s  i s  
v e r y  complex and c o n t r o v e r s i a l .  Over  t h e  p a s t  deca de  t h e  c l a s s i f i c a ­
t i o n  s y s t em has  u nde r gone  many s e v e r e  c h a n g e s .  The s cope  o f  t h e  
p rob l em can  be f u l l y  a p p r e c i a t e d  when one r e a l i z e s  t h a t  t h e r e  a r e  
a p p r o x i m a t e l y  1125 g e n e r a  and 7200 s p e c i e s  o f  c i l i a t e s  and a compara ­
t i v e l y  s ma l l  number o f  p r o t o z o o l o g i s t s  t r y i n g  t o  u n ra v e l  t h e  s y s t e m a -  
t i c s .
As a r e s u l t ,  much o f  t h e  taxonomy o f  v a r i o u s  f a m i l i e s  i s  i n  
g r e a t  d i s p u t e  and s t r i c t  c l a s s i f i c a t i o n  t o  genus  and s p e c i e s  i s  v e r y  
d i f f i c u l t .  In  a d d i t i o n ,  t e c h n i q u e s  r e q u i r e d  t o  d i f f e r e n t i a t e  be t ween 
g e n e r a  o f t e n  r e q u i r e s  1) i s o l a t i n g  a n d / o r  k i l l i n g  o r g a n i s m s  and 2)  
c o n d u c t i n g  a r d u ou s  s t a i n i n g  p r o c e d u r e s .  Such t e c h n i q u e s  were  o f t e n  
i m p o s s i b l e  t o  c a r r y  o u t  i n  t h i s  s t u d y .  They were  a t t e m p t e d  where  
p o s s i b l e ,  b u t  where  d i f f e r e n t i a t i o n  was d i f f i c u l t  i n  s i t u ,  o r ga n i s ms  
( s u c h  as  Col pidiurn and Glaucoma) were  g rouped  t o g e t h e r  f o r  t h e  p u r ­
p o s es  o f  e n u m e r a t i o n .  These  g r o u p i n g s  were  formed unde r  t h e  a d v i c e  o f  
Drs .  C o l i n  R. Curds  ( 1 9 8 2 c ) ,  F.B.  Page ( 1 9 8 2 ) ,  and E.B.  P i k e  ( 1 9 8 2 ) .  
They a t t e m p t e d  t o  group  s p e c i e s  t o g e t h e r  which had s i m i l a r  e c o l o g i c a l  
r o l e s ,  and which were  d i f f i c u l t  t o  d i f f e r e n t i a t e  t a x o n o m i c a l l y .  The 
f o l l o w i n g  g r ou p s  were  used  t h r o u g h o u t  t h i s  r e s e a r c h .
Group Name 
Col p idiurn*
Organi sms  I n c l u d e d  




O p e r c u l a r i a  P y x i d i e l l a , Q p e r c u l a r i a  mi n i ma ,
O p e r c u l a r i a  p h ry ga n e a e
A mp h i l e p t u s * A m p h i l e p t u s , L i t o n o t u s
G i a n t  Amoebae Amoebae > 40p d i a m e t e r
i l v e r  method ( K l e i n ,  1958)  used  t o  s t a i n  i n f r a c i l i a t u r e .
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Appendix IV
Maj or  P r o t o z o a  and Metazoa  Obse rved  
i n  t h e  RBC S t u d i e s
Drawings  and p h o t o m i c r o g r a p h s  o f  some o f  t h e  m a j o r  p r o t o z o a  
and me t azoa  o b s e r v e d  i n  t h e  RBCs d u r i n g  t h e s e  s t u d i e s  a r e  i n c l u d e d  i n  
t h i s  a p p e n d i x .  Where p o s s i b l e ,  i m p o r t a n t  and u n i q u e  c h a r a c t e r i s t i c s  
a r e  i n d i c a t e d .
F i g u r e 1 - Z o o f l a g e l l a t e s
F i g u r e 2 - Col p i  d i  um/Glaucoma
F i g u r e 3 - Nematodes
F i g u r e 4 - Uronema
F i g u r e 5 - O p e r c u l a r i a
F i g u r e 6 - E p i s t y l i s
F i g u r e 7 - G i a n t  Amoebae
F i g u r e 8 - R o t i f e r s
m
« i  'SSI®*1
kJ.J-’ I f l . - a k ?ai
# ' 9  - ^  ‘ a”
> r - ' .  * * - *
i




F i g u r e  1.  Z o o f l a g e l l a t e s
These  o r gan i s ms  a r e  s e e n  i n  t h e  e a r l y  s t a g e s  o f  s u c c e s s i o n .  Some l a r g e r ,  more advanced 
f o r ms ,  l i k e  Pe ranema , a r e  s een  i n  advanced  s t a g e s  o f  s u c c e s s i o n .  Note t h e  l a c k  o f  a mouth and 
mos t  advanced  t y p e s  o f  o r g a n e l l e s .  From t h e  pho tomicograph  i t  i s  a p p a r e n t  t h a t  t h e  smal l  (2 -5  ym )  
s i z e  and n o n - d e s c r i p t  n a t u r e  o f  t h e s e  o rgan i sms  make i d e n t i f i c a t i o n  d i f f i c u l t .  Drawing from 
Calaway and Lackey (1962) .
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F i g u r e  2.  Col pi di  um/GIaucoma
These o r gan i sms  a r e  t h e  f i r s t  c i l i a t e s  t o  become e s t a b l i s h e d  w i t h i n  t h e  RBC a f t e r  s t a r t - u p .  
The mouth s t r u c t u r e  has t h e  c h a r a c t e r i s t i c  3 c i l i a r y  membrane and 1 u n d u l a t i n g  membrane l l e  ( F i g u r e  
2b and 2 d ) .  S i z e  v a r i e s  w i t h  food s u p p l y  and t h e  numbers o f  food v a c u o l e s  f rom a bean shape  a t  
l ower  b a c t e r i a l  d e n s i t i e s  o r  i n  young c e l l s  ( F i g u r e  2a)  t o  a c i r c u l a r  shape  when b a c t e r i a l  d e n s i ­
t i e s  a r e  h i gh  o r  c e l l s  a r e  a b o u t  t o  d i v i d e  ( F i g u r e  2 b ) .  F i g u re  2c shows t h e  body c i l i a r y  rows 
s t a i n e d  w i t h  s i l v e r  ( K l e i n ,  1958) .
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Figure 3. Nematodes
These s n a k e - l i k e  o r g a n i s m s ,  w i t h o u t  n o t a b l e  a p p en d a g e s ,  a r e  l a r g e  and ea sy  t o  i d e n t i f y  
( u s u a l l y  50 -  150 yin). They a r e  e a r l y  c o l o n i z e r s  o f  RBC b i o f i l m s  and u s u a l l y  d e c r e a s e  i n  number 
a s  t r e a t m e n t  improves .  Drawing from Barnes  (1974) .
F i g u r e  4.  Uronema
These  smal l  (30 -  40 pm) c i l i a t e s  a r e  abu n d a n t  d u r i n g  p e r t u r b a t i o n s  and when f r e e  b a c t e r i a l  
d e n s i t i e s  a r e  h i g h .  T h e i r  shape  becomes i s  ovo id  when b a c t e r i a l  d e n s i t i e s  a r e  h igh  ( F i g u r e  2a)  
and c y l i n d r i c a l  as  b a c t e r i a l  d e n s i t i e s  d e c r e a s e  ( F i g u r e  2b ) .  Dur ing d i v i s i o n  t h e  c e l l  l ooks  
u n i q u e  ( F i g u r e  2 c ) .  Key c h a r a c t e r i s t i c s  i n  i d e n t i f i c a t i o n  a r e  t h e  cauda l  c i l i u m  (CC) and t h e  
r a p i d  d a r t i n g - s t o p p i n g - d a r t i n g  mot i on .  The membrane l l e s  (MB) a r e  n o t  r e a d i l y  v i s i b l e .  CV = 
c o n t r a c t i l e  v a c u o l e ,  FV = food v a c u o l e .  Drawing from Curds (1969) .
These o rgan i sms  a r e  e a s y  t o  i d e n t i f y  beca use  t h e y  a r e  l a r g e  (50 -  100 y in / zoo i d ) ,  s e s s i l e ,  and
have a d i s t i n c t  p e r i s t o m a l  d i s k  on a n e c k - l i k e  p r o c e s s  (PD) ( F i g u r e  2a and 2d) .  Co l o n i e s  vary
from two t o  hundreds  o f  z oo i ds  ( F i g u r e s  2a ,  2b,  2c ,  2d ) .  The s t a l k s  a r e  n o n - c o n t r a c t i l e  and l a c k  
a myonene ( c o n t r a c t i l e )  f i b e r  ( F i g u r e  2b ) .  R e p r oduc t i on  may o c c u r  v i a  a s e xua l  d i v i s i o n  ( F i g u r e  
2 c ) ,  o r  two t y p e s  o f  mi c rogame te  f o r m a t i o n  ( F i g u r e  2b ) .  MG = mi c r oga me t e ,  s t  = s t a l k ,  As =
a s ex u a l  d i v i s i o n ,  FV = food v a c u o l e .  Drawing from Curds (1969) .
Figure 6. Epis ty l i s
These c o l o n i a l  p e r i t r i c h s  a r e  e a s i l y  i d e n t i f i e d  beca use  t h e y  a r e  l a r g e  (50 -  100 pm),  s e s s i l e ,  
and have a l a r g e  p e r i s t o m a l  d i s k  (PD) n o t  s u p p o r t e d  on a n e c k - l i k e  p r o c e s s .  The c o l o n i e s  a r e  o f  
v a r i a b l e  s i z e  and may be composed o f  a hundred o r  more z o o i d s .  The s t a l k  i s  n o n c o n t r a c t i l e .  The 
most  d i s t i n c t i v e  f e a t u r e  i s  t h e  wide b e l l - s h a p e d  p e r i s t o m e  and t h e  l a r g e  p e r i s t o m a l  d i s k .  N = 
n u c l e u s ,  FV = food v a c u o l e ,  CV = c o n t r a c t i l e  v a c u o l e .  Drawing from Curds (1969) .
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F ig u r e  7.  G i a n t  Amoebae
The most  e a s i l y  i d e n t i f i e d  amoebae a r e  t h e  l a r g e  (> 40ym) s p e c i e s  o r  g i a n t  amoebae.  The ones  
shown h e r e  a r e  naked and l a c k  a t e s t  o r  s h e l l .  Locomot ion i s  by pseudopod i a  ( Ps u ) .  P r e y ,  which 
can i n c l u d e  r o t i f e r s  (R) and p e r i t r i c h s ,  a r e  a l s o  c a p t u r e d  and e n g u l f e d  by t h e  p s e u d op od i a .  T h e i r  
l o c o m o t i on ,  which i s  s l ow,  and t h e i r  s i z e  make them d i s t i n c t i v e .  V = v a c u o l e .  Drawings from 
Ma r t i n  (1968) .
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F ig u r e  8.  R o t i f e r s
R o t i f e r s  a r e  e a s i l y  d i s t i n g u i s h e d  by t h e i r  s i z e  (100 -  300 u rn ) and by t h e  corona  o f  c i l i a  
l o c a t e d  n e a r  t h e  mouth ( C r ) ,  which g e n e r a t e s  t r emendous  w a t e r  c u r r e n t s .  A f o o t  ( F ) ,  used f o r  
a t t a c h m e n t  and l oc omot i on  a p p e a r s  t o  have " t o e s " .  The o u t e r  " s k e l e t o n "  i s  hard  and h e l p s  t h e  
o r gan i sm m a i n t a i n  i t s  c h a r a c t e r i s t i c  s hape .  Locomot ion i s  u s u a l l y  t e l o s c o p i c  w i t h  t h e  f o o t  
p us h i ng  t h e  body ahead and t he n  c o n t r a c t i n g .  Drawing from Barnes  (1974) .
Appendix V
General Charac ter is t ics  o f  Certain Protozoa and Metazoa
Orqanism Type Size Range (ym) M o t i l i t y Food Feeding S tructure
Amoebae
Giant Amoeba >40 Pseudopodia P/R Pseudopodia
Smal 1 Amoeba 10-40 Pseudopodia B Pseudopodia
Amphileptus Gymnostome 80-100 C i l ia C Simple Mouth
Aspidisca Hypotrich 25-40 C i r r i / C i l i a B AZM
Chilodonella Hypostome 50-90 C i 1 i a AB/F Oral Basket
Cinetochilum Hymenostome 15-45 Cil ia FB C i l ia r y  Membranelles
Colpidium Hymenostome 50-80 C i l ia FB C i l ia r y  Membranells
E p is ty l is P e r i t r ic h 60-100 Attached FB Peristomal Disk
Glaucoma Hymenostome 50-75 C i l ia FB C i l ia r y  Membranelles
Litonotus Gymnostome 80-150 Cil ia C Simple Mouth
Nematodes Nematode 100-300 Muscle Contraction B N/A
Opercularia P e r i t r ic h 40-80 Attached FB Peristomal Disk
Paramecium Hymenostome 90-300 Cil ia FB C i l ia r y  Membranelles
Plagiopyla Trichostome 60-100 Cil ia SB Simple Mouth
Podaphrya Suctorian 25-50 Attached C Tentacles
Pseudoglaucoma Hymonostome 30-40 C i l ia FB C i l ia r y  Membranelles
R otifers R o t i fe r 100-300 Foot/Contraction C/FB Rotatory C i l ia
Spathidium Gymnostome 70-90 C i l ia C Simple Mouth
Tachysoma Hypotrich 65-85 C i r r i / C i l i a FB AZM
Trachelophyllum Gymnostome 40-50 Cil ia C Simple Mouth
Uronema Hymenostome 25-40 C i l ia FB C i l ia r y  Membranelles
V o r t ic e l la P e r i t r ic h 40-100 Attached FB Peristomal Disk
Zoo flag e lla tes F la g e lla te <10-40 F lage lla FB Phagocytosi s
N/A -  not app lica lbe  P -  
FB -  free  bacteria  R -
p e r i t r ic h s  SB 
ro t i f e r s  B
-  s u l fu r  bacteria
-  bacteria
C ~ c i l i a t e s  AB -  attached bacteria  F -  f i laments
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